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Summary 
Global warming is a worldwide concern and methane contributes about 20% to 
planetary temperature increase. Microorganisms are both sources and sinks for 
methane. Thus, studying methane cycle microorganisms is essential for understanding 
methane budgets and emissions on earth. For decades efforts have been made 
towards identification of the underlying factors that modulate microbial responses 
in methane cycling in various ecosystems. In the absence of oxygen, the availability 
and abundance of nitrogenous substrates of either natural or anthropogenic origin is 
an important factor that influences the microbial methane cycle. Moreover, nitrogen 
is a crucial element of life and is deeply linked to carbon and other elemental 
cycles across all domains of life. The research presented in this thesis focuses 
on the microbial interactions of the carbon, nitrogen and sulfur biogeochemical 
cycles under anoxic conditions. Furthermore, a special emphasis is placed on the 
elucidation of respiratory mechanisms of nitrate dependent anaerobic oxidation of 
methane (AOM).  
The first introductory chapter of this thesis presents an overview of microorganisms 
capable of performing AOM coupled to various electron acceptors (sulfate, nitrate, 
nitrite and iron), with a special focus on freshwater microorganisms capable 
of performing denitrification coupled to AOM. Furthermore, an overview of 
ecophysiology and microbial cooperation between carbon, nitrogen and sulfur cycles 
from natural and engineered ecosystems is provided. 
In Chapter 2 a new enrichment culture containing chemolithoautotrophic 
microorganisms involved in the methane, nitrogen and sulfur biogeochemical 
cycles is described and characterized. The enrichment culture was operated for 
382 days in a laboratory scale bioreactor mimicking nutrient conditions in anoxic 
sediments as found in brackish and coastal ecosystems. Next, a combination of 
analytical, microscopic and next generation sequencing approaches was applied 
to monitor physiological activity and microbial community composition of the 
enrichment culture. The successful enrichment of key microbial players along with 
a novel Nitrospirae, ‘Candidatus Nitrobium versatile’ revealed that competition for 
substrates and collaboration for intermediates or removal of toxic substances are 
essential drivers for shaping the microbial community. Chapter 3 illustrates how the 
outcome of the aforementioned microbial competition was affected when ammonium, 
the electron donor for anammox, was removed from the medium supply. Based on 
genomic data (Chapter 2) it was hypothesized that previously enriched members 
(Ca. Methanoperedens nitroreducens and the novel Nitrospirae sp. Ca. Nitrobium 
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versatile) might perform dissimilatory nitrate reduction to ammonium (DNRA) 
and therefore would provide ammonium for anammox spp. A meta-transcriptomic 
analysis from the bioreactor however showed that the produced ammonium was not 
sufficient to sustain the anammox population. Furthermore, the newly discovered 
Ca. Nitrobium versatile disappeared during this 10 week reactor operation. Based 
on gene expression and mRNA read abundance, nitrate-AOM archaea along with 
nitrite-AOM bacterial partners became the most dominant members of the microbial 
community. 
A putative respiratory mechanism of nitrate reduction coupled to AOM is presented 
in Chapter 4. This genome based metabolic reconstruction provided important 
insights into energy conservation and electron transport pathways from reverse 
methanogenesis located in the cytoplasm to the membrane bound nitrate reductase 
complex. We predicted that electrons from the core methanotrophic pathway are 
transferred to the cytoplasmic cofactors F420, coenzyme B and ferredoxin. Next, 
quinones in the cytoplasmic membrane may transfer electrons to several c-type 
cytochromes located in the pseudoperiplasm. Furthermore, the question whether 
anaerobic methanotrophic archaea were capable of methanogenesis was addressed. We 
could rule out the possibility of hydrogenotrophic or methylotrophic methanogenesis 
due to absence of specialized hydrogenase and methyltransferase encoding genes, 
respectively. However, the identification of genes encoding the acetate activating 
acetyl-CoA synthetase (ACS) similar to those found in aceticlastic methanogens, 
suggested that acetate might be used by these freshwater methanotrophic archaea. 
Thus Chapter 5 focuses on the functional characterization of ACS from ANME-2d 
and ANME-2a archaea. In vitro ACS activity assays indicated that acetate could be 
utilized by ANME-2 archaea. Furthermore, substrate specific conversion rates for 
acetate and other long chain organic acids were determined. In the last chapter, an 
integration of the thesis results and an outlook for future research are presented.  
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Samenvatting
Samenvatting
De opwarming van de aarde is een wereldomvattend probleem, en het broeikasgas 
methaan is voor ongeveer 20% verantwoordelijk voor deze opwarming. Micro-
organismen kunnen methaan zowel produceren als afbreken. Daarom is het van 
essentieel belang om beide groepen van micro-organismen te bestuderen om 
de uitstoot en afbraak van methaan te begrijpen. Dit biedt de mogelijkheid om 
methaanbudgetten van ecosystemen op te stellen. Al decennia lang probeert men de 
onderliggende factoren die verantwoordelijk zijn voor de microbiële methaancycli 
in verschillende ecosystemen te identificeren.
Bij afwezigheid van zuurstof is de beschikbaarheid van stikstofbevattende substraten 
van zowel natuurlijke als menselijke bronnen een belangrijke factor die de microbiële 
methaancyclus beïnvloedt. Bovendien is stikstof een cruciaal element van het leven, 
nauw verbonden met koolstof en andere elementaire cycli in alle domeinen van het 
leven. Het onderzoek dat in dit proefschrift wordt gepresenteerd houdt zich bezig 
met de microbiële omzettingen en interacties binnen de biochemische cycli van 
koolstof, stikstof en zwavel onder zuurstofloze omstandigheden. Daarnaast wordt 
aandacht besteed aan het ademhalingsmechanisme bij nitraat-afhankelijke anaerobe 
oxidatie van methaan (AOM). 
Het eerste inleidende hoofdstuk van dit proefschrift geeft een overzicht van micro-
organismen in zoetwater ecosystemen die in staat zijn om AOM uit te voeren, 
gekoppeld aan verschillende elektronenacceptoren (sulfaat, nitraat, nitriet en 
ijzer). Hierbij ligt de nadruk op zoetwatermicro-organismen die in staat zijn AOM 
te koppelen aan denitrificatie. Daarnaast wordt een overzicht van ecofysiologie 
en microbiële samenwerking binnen de koolstof-, stikstof- en zwavelcycli van 
natuurlijke en kunstmatige ecosystemen gegeven. 
In Hoofdstuk 2 wordt een nieuwe verrijkingscultuur met chemolithoautotrofe 
micro-organismen die betrokken zijn bij biochemische cycli van methaan, stikstof 
en zwavel beschreven en gekarakteriseerd. De verrijkingscultuur werd 382 dagen 
in stand gehouden in een bioreactor op laboratoriumschaal. Hierbij werden de 
voedingscondities in zuurstofloze sedimenten nagebootst, zoals deze gevonden 
worden in brakke- en kustwaterecosystemen. Vervolgens werd een combinatie van 
analytische, microscopische en Next Generation Sequencing methoden gebruikt om 
de fysiologische activiteit en samenstelling van de verrijkingscultuur te monitoren. 
De succesvolle verrijking van essentiële microbiele spelers waaronder de nieuwe 
Nitrospirae ‘Candidatus Nitrobium versatile’ liet zien dat concurreren om substraten, 
samenwerken bij het gebruik van intermediairen en/of het verwijderen van giftige 
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substanties belangijke aandrijvers zijn voor het samenstellen van de microbiële 
gemeenschap. 
Hoofdstuk 3 laat zien hoe de uitkomst is van de eerdergenoemde microbiële 
concurrentie op het moment dat ammonium, de elektronendonor voor anammox, 
werd verwijderd uit het aangevoerde medium. Gebaseerd op de eerdere genomische 
data (Hoofdstuk 2) werd verondersteld dat de voorheen verrijkte leden (Ca. 
Methanoperedens nitroreducens en de nieuwe Nitrospirae sp. Ca. Nitrobium 
versatile) dissimilatoire nitraatreductie naar ammonium (DNRA) kunnen uitvoeren, 
en op die wijze ammonium voor de anammox bacterien konden produceren. Een 
meta-transcriptoom analyse van de bioreactor liet echter zien dat het geproduceerde 
ammonium niet afdoende was om de anammoxpopulatie in stand te houden. Verder 
is de nieuw ontdekte Ca. Nitrobium versatile verdwenen gedurende de 10 weken 
waarin deze reactor onder ammonium-limitatie in stand werd gehouden. Gebaseerd 
op de genexpressie en abundantie van mRNA reads werden nitraat-AOM archaea 
samen met nitriet-AOM bacteriën als de meest dominante leden van de microbiële 
gemeenschap geïdentificeerd. 
Op basis van een genoom reconstructie kon een hypothetisch ademhalingsmechanisme 
voor nitraatreductie gekoppeld aan AOM worden opgesteld (Hoofdstuk 4). Deze 
reconstructie biedt belangrijke inzichten met betrekking tot energieconservering en 
elektronentransportketens vanuit de omgekeerde methanogenese in het cytoplasma 
naar het membraangebonden nitraatreductasecomplex. Volgens onzevoorspelling 
worden elektronen uit de algemene methanotrophe pathway overgedragen  naar 
de cytoplasmatische cofactoren F420, co-enzym B en ferredoxine. Vervolgens 
kunnen quinonen in het cytoplasmatisch membraan elektronen overdragen naar 
verschillende c-type cytochromen in het pseudoperiplasma. Bij de reconstructie werd 
ook getracht de vraag te beantwoorden of anaerobe methanotrofe archaea in staat 
zijn tot methanogenese. We konden hydrogenotrofe of methylotrofe methanogenese 
uitsluiten vanwege het ontbreken van de noodzakenlijke genen die respectievelijk 
speciale hydrogenases en methyltransferases coderen. Echter, genen die het acetaat-
activerende acetyl-CoA synthetase (ACS) coderen werden wel geïdentificeerd. 
Deze genen waren vergelijkbaar met de ACS coderende genen die gevonden 
wordt in aceticlastische methanogenen. Dit doet vermoeden dat methanotrofe 
zoetwaterarchaea in staat zijn om acetaat de gebruiken. Dit wordt verder uitgezocht 
in  Hoofdstuk 5 waarin  de functionele karakterisatie van het ACS uit ANME-2d en 
ANME-2a archaea wordt beschreven. In vitro ACS activiteitsassays geven aan dat 
acetaat inderdaad gebruikt kan worden door ANME-2 archaea. Substraatspecifieke 
omzettingssnelheden voor acetaat worden vergeleken met die van andere organische 
15
Samenvatting
zuren met langere zijketens. In het laatste hoofdstuk worden de resultaten van 
de proefschrift geintegreerd en in een groter kader geplaatst. Daarnaast  worden 
mogelijkheden voor toekomstig onderzoek gepresenteerd.
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Background 
Methane is both an important energy source and greenhouse gas. The atmospheric 
methane concentration has increased from 0.722 to 1.803 parts per million (ppm) in 
260 years and has exhibited a 5 fold higher growth per year since 2009 (Ciasis et 
al., 2013; Prather and Holmes, 2017; Rigby et al., 2017; Ussiri and Lal, 2017). The 
methane emissions arise from natural and anthropogenic sources. Termites, wetlands, 
freshwater bodies, and other geological sources including oceans constitute the natural 
methane sources and are responsible for about one third of the total methane emissions 
(Bousquet et al., 2006; EPA, 2010). The remaining two thirds have an anthropogenic 
origin which include rice cultivation, livestock farming, production and utilization 
of fossil fuels as well as organic waste deposition in landfills (Fiore et al., 2015). 
Approximately 70% of the atmospheric methane is of microbial origin (Conrad, 
2009). Elevated temperatures along with increased carbon dioxide concentrations in 
the atmosphere may lead to much higher methane emissions in future. Additionally, 
factors modulating the microbial responses of the microorganisms involved in the 
methane cycling indirectly play a crucial role in regulating the global methane 
fluxes (Conrad, 2009; Murrell and Jetten, 2009; Bodelier and Steenbergh, 2014). 
Nitrogen input through natural deposition or anthropogenic activity, is one such 
factors that causes a range of effects on the microbial methane cycle. In general, the 
use of (surplus) nitrogen fertilizers has substantial negative consequences, including 
eutrophication of terrestrial and aquatic ecosystems as well as acidification of global 
ecosystems and nitrous oxide emissions to the atmosphere (Galloway et al., 2003; 
Rockmannn nature 2008). The impact of human alteration of the nitrogen and 
methane cycles on climate change has been the subject of many studies (reviewed 
in Gruber and Galloway, 2008). However, considerably less attention has been paid 
to microbial interactions that can occur between the major biogeochemical cycles of 
carbon, nitrogen and sulfur.
Furthermore, the co-occurrence of different carbon, nitrogen and sulfur compounds 
may provide suitable environments for interactions of microorganisms in the 
biogeochemical cycles. During the past decade, several new links between the 
nitrogen, sulfur, and methane cycle have been discovered in freshwater and marine 
ecosystems that warrant further investigations:  In 2006, (Raghoebarsing et al., 2006) 
showed that a novel microbial consortium of Bacteria and Archaea could performed 
nitrate and nitrite dependent anaerobic oxidation of methane (AOM) (Raghoebarsing 
et al., 2006). Cryptic sulfur and/or methane cycles coupled to the nitrogen cycle 
seem to occur in oxygen minimum zones and in some fresh water ecosystems (D 
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E Canfield et al., 2010; Padilla et al., 2016, 2017; Weber et al., 2017)), but the 
microbial player are not yet well characterized. In the next sections, the relevant 
microbiology of methane, nitrogen and sulfur cycles will be introduced, and the final 
section will contain the outline of this thesis.
Modes of microbial methane oxidation 
The very first observation of microbial consumption of methane dates back to 1905 
(Käserer, 1905), while the first aerobic methane-oxidizing bacteria named Bacillus 
methanicus were isolated in 1906 (Söhngen, 1906). Aerobic methanotrophs have 
been extensively studied ever since and are members of phyla Proteobacteria and 
Verrucomicrobia (Op den Camp et al., 2009; Semrau et al., 2010). Furthermore, 
numerous physiological studies have shown that that biological methane oxidation 
does occur in a variety of environments that include, among others, soils arctic 
permafrost, volcanic mud pots and sewage treatments plants (Dedysh et al., 2004; 
Pol et al., 2007; Liebner et al., 2009; Ho et al., 2013). Methanotrophic bacteria 
employ two distinct methane monooxygenases (MMOs), the soluble iron containing 
MMO (sMMO) and the membrane bound copper-iron MMO (pMMO) for the initial 
methane oxidation step (Hakemian and Rosenzweig, 2007). Although methane 
is the simplest organic molecule, its microbial consumption requires a very high 
activation energy of 439 kJ/mol (Thauer and Shima, 2008) to break the C-H bond. 
Therefore, the belief that methane could only be oxidized by microorganisms in 
the presence of oxygen persisted for over a century. This assumption was more and 
more challenged as evidence accumulated in favour of anaerobic mode of methane 
oxidation. Thermodynamically, nitrate, nitrite, oxidized metals and sulfate are 
suitable electron acceptors for methane oxidation and would conserve (just) enough 
energy to sustain growth (Table 1). The very first indications for anaerobic oxidation 
of methane (AOM) were obtained from marine sediment profiles (Reeburgh, 1976). 
The identity of the responsible microorganism became more and more apparent 
when biogeochemical evidence of AOM coupled to sulfate reduction in both fresh 
water and marine environments was obtained (Zehnder and Brock, 1980; Hoehler 
et al., 1994; Hinrichs et al., 1999; Boetius et al., 2000a). Later studies established 
that AOM coupled to sulfate reduction is performed by a consortium of anaerobic 
methanotrophic (ANME) archaea and their syntrophic sulfate reducing bacterial 
partners (Knittel and Boetius, 2009; Milucka et al., 2012; Silvan Scheller et al., 
2016). 
General introduction
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Table 1: Net reactions of methane oxidation coupled to electron acceptors other than oxygen. 
Reaction Gibbs free energy 
∆Gº (kJ/mol) CH
4
(1) CH4 + 2O2
- → CO2 + 2H2O -818
(2) 3CH4 + 8NO2
- + 8H+ → 3CO2 + 4N2 + 10H2O -929
(3) 5CH4 + 8NO3
- + 8H+ → 5CO2 + 4N2 + 14H2O -765
(4) 5CH4 + 4MnO2 + 7H
+ → HCO3
- + 4Mn2
+
 + 5H2O -528
(5) CH4 + 8Fe(OH)3 + 7 CO2 → 8FeCO3 + 14H2O -344
(6) CH4 + SO4
2-
 + 2H
+ → CO2 + H2S + 2H2O -15 - 40
ANME archaea constitute three distinct groups of archaea, ANME-I, ANME-II and 
ANME-III, all belonging to the phylum Euryarchaeota (Knittel et al., 2005; Nauhaus 
et al., 2005; Stadnitskaia et al., 2005). The role of ANME archaea in mitigating 
methane emissions from marine environments has been well documented (Boetius 
and Wenzhöfer, 2013). Besides marine ecosystems, sulfate-dependent anaerobic 
methane oxidation has been reported in a limited number of terrestrial and freshwater 
ecosystems where generally much lower sulfate concentrations prevail (Eller et al., 
2005; Timmers et al., 2016a). The free energy change associated with the oxidation 
of methane under sulfate-reducing conditions (Reaction 6, Table 1) is very low: 
although variable over a range of environmental conditions, it does not exceed -15 
to -40 kJ/mol methane, largely depending on the partial pressure of methane. This is 
close to the thermodynamic limit -20 kJ/mol needed for translocation of one proton 
to produce ATP, furthermore this energy also has to be shared between the partners 
in consortia (Schink and Thauer, 1987; Schink, 1997; Caldwell et al., 2008; Larowe 
et al., 2008). The electron acceptors further up the redox ladder (Table 1) conserve 
substantially more energy to support microbial metabolism and are more likely to 
be found in many more freshwater and terrestrial environments (Strous and Jetten, 
2004). However, it was not until 2006 that the first enrichment culture of AOM 
coupled to denitrification was reported (Raghoebarsing et al., 2006). During follow 
up studies, the application of stable isotope labelling, microscopy and various omic 
approaches on the AOM enrichment culture revealed that denitrification coupled 
to methane oxidation was performed by a consortium of two microorganisms. An 
archaeal partner belonging to the ANME-2d clade that oxidizes methane coupled 
to nitrate reduction and was named Candidatus Methanoperedens nitroreducens 
(Haroon et al., 2013). The methane activation by Ca. M. nitroreducens and other 
ANME archaea is most likely performed by the similar enzyme that produces 
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methane in methanogens, the methyl-coenzyme M-reductase (MCR) acting in 
reverse to produce methyl-coenzyme M as the first intermediate (Krüger et al., 
2003; Shima and Thauer, 2005; Scheller et al., 2010).  In recent years, several 
meta-omics studies have unravelled the underlying methane-oxidation pathway 
and energy conservation models of ANME-2d archaea (Wang et al., 2014; Arshad 
et al., 2015; McGlynn, 2017; Timmers et al., 2017). The nitrite produced during 
the first step of denitrification coupled to AOM is further reduced by anaerobic 
methanotrophic bacteria belonging to the NC10 clade tentatively named Candidatus 
Methylomirabilis oxyfera (Raghoebarsing et al., 2006; Ettwig et al., 2008, 2010). 
Both Methanoperedens and Methylomirabilis were discovered under nitrate and/
or nitrite reducing conditions. It is believed that nitrate and nitrite are more and 
more replacing oxygen as the main electron acceptors in many rivers, lakes and 
wetlands due to leaching of excess fertilizers and their much higher solubility in 
water (Gruber and Galloway, 2008). Besides the availability of nitrogen oxides 
as electron acceptors, Methanoperedens and Methylomirabilis require methane as 
electron donor. Methane is produced by methanogenic archaea known to inhabit 
an array of anoxic environments that include wetlands, tundra soils, paddy fields, 
freshwater and saline sediments, intestinal tracts of ruminants, anaerobic reactors 
and sewage treatment facilities as well as solid waste landfills (Barber and Ferry, 
2001; Liu and Whitman, 2008; Conrad, 2009; Kallistova et al., 2014; Sorokin et al., 
2015). Due to suitable growth conditions, the aforementioned environments could 
also act as a sink for methane through the activity of AOM coupled to denitrification. 
This notion is further supported through extensive biogeochemical surveys where 
either 16S rRNA genes or functional biomarkers belonging to Methanoperedens 
and Methylomirabilis have been detected (Figure. 1) (Welte et al., 2016; Vaksmaa 
et al., 2017). Consequently, detection of these microorganisms in a vast variety 
of environments emphasizes the importance of interactions between carbon and 
nitrogen biogeochemical cycles in global sub-oxic and anoxic ecosystems, a topic 
that will be addressed in the next section.
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Microbial processes of the nitrogen cycle
The global nitrogen cycle is crucial for the biogeochemistry of our planet. Due to 
influx of nitrogen from both natural and anthropogenic sources, the global nitrogen 
cycle has possibly been altered beyond safe operational boundaries (Rockman, 2008). 
The bioavailability of nitrogen is essential for sustaining all forms of life. Molecular 
nitrogen (N2) is the largest pool of atmospheric nitrogen. This un-reactive nitrogen 
compound can be reduced to ammonium by diazotrophic microorganisms, which 
fix nitrogen gas into ammonium by a nitrogenase enzyme complex and assimilate 
ammonium further into a variety of amino acids (Dixon and Kahn, 2004; Galloway 
et al., 2004). The remaining organisms largely depend on readily available inorganic 
ammonium or nitrate for assimilation. Besides being a precursor for anabolic 
processes, ammonium is also used as electron donor during aerobic and anaerobic 
respiration (Winogradsky, 1890; Mulder et al., 1995). Under aerobic conditions, 
ammonium is oxidized to nitrate, the most oxidized state of nitrogen, via either a one 
or two-step nitrification process (Teske et al., 1994; Hovanec et al., 1998; Wuchter et 
al., 2006; Daims et al., 2015; van Kessel et al., 2015). For long, nitrification process 
was thought to be carried out by two distinct groups of microorganisms, namely 
ammonia oxidizing bacteria (AOB) and nitrite oxidizing bacteria (NOB). However 
in 2005, ammonia oxidizing archaea (AOA) were discovered as the main marine 
ammonium oxidizers (Könneke et al., 2005; Wuchter et al., 2006). AOB and AOA 
convert ammonium into nitrite, and the nitrite oxidizing bacteria (NOB) further 
oxidize nitrite into nitrate. However, the very recent discovery of the complete 
ammonium-oxidizing (comammox) bacteria has shown that Nitrospira bacteria are 
capable of converting ammonium into nitrate in one step and the same organism 
albeit at low ammonium and oxygen concentrations (Daims et al., 2015; van Kessel 
et al., 2015). 
Denitrification 
Nitrate is the most oxidized nitrogen compound in the nitrogen cycle and in the 
absence of oxygen it is also the next most favourable electron acceptor. There 
are a number of different pathways in which nitrate can be metabolized, namely 
dissimilatory nitrate reduction to ammonium (DNRA), assimilatory nitrate reduction 
to ammonium, and (partial) denitrification, in which consecutive enzymatic 
conversions can transform nitrate into nitrite, nitric oxide, nitrous oxide and finally 
N2 (Zumft, 1997; Lin and Stewart, 1998; Simon, 2002; Speth et al., 2016; Lycus 
et al., 2017). The above mentioned processes start with the reduction of nitrate to 
nitrite by either a membrane bound (nar) or periplasmic (nap) nitrate reductase. The 
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produced nitrite is the crucial point where various pathways deviate. In DNRA and 
nitrogen assimilation, a cytochrome c nitrite reductase or siroheme nitrite reductase 
converts nitrite into ammonium (Cole and Richardson, 2008). In denitrification, the 
nitrite is converted by either a copper nitrite reductase (nirK) or a cytochrome cd1 
nitrite reductase (nirS) into the gaseous nitric oxide (Tiedje et al., 1983; Ward et al., 
2009). Nitric oxide is converted into nitrous oxide a variety of heme-copper NO 
reductase (Reimann et al., 2007). The final step of denitrification, the oxidation of 
nitrous oxide into N2 is catalysed by a multicopper nitrous oxide reductase (nosZ) 
(Einsle and Kroneck, 2004; Philippot and Hallin, 2005). During denitrification, each 
of the intermediates can also be an end product as microorganisms do not need to 
carry all genes, or individual enzymatic conversions may have different regulatory 
mechanism, such as oxygen concentrations, nitrate and nitrite availability and 
the abundance of organic/inorganic electron donors (Betlach and Tiedje, 1981; 
Hernandez and Rowe, 1987; Härtig et al., 1999; Lycus et al., 2017). Consequently, 
toxic intermediates such as nitrite (NO2
-) and the potent greenhouse gas N2O can 
escape to the environment. Denitrifying microbes are facultative anaerobes, 
which only engage the denitrification pathway in the absence of oxygen (Zumft, 
1997). Based on the capacity to utilize electron donor and/or carbon source, the 
denitrification process is classified into two types: the microbes that use organic 
substrates as carbon source and electron donor to reduce nitrate to N2 are known as 
heterotrophic denitrifiers, while the ones that use inorganic substrates such as reduced 
sulfur compounds (HS-, S2O3
2-, S°) and fix CO2 for biomass production are known 
as autotrophic denitrifiers (D E Canfield et al., 2010; Lenk et al., 2011; Bruckner et 
al., 2013). The autotrophic denitrification is mainly performed by the representatives 
of the Alpha-, Beta-, Gamma- and Epsilonproteobacteria (reviewed in Shao et al., 
2010). Furthermore, the sulfide-dependent autotrophic denitrification and/or DNRA 
establish a direct link between the sulfur and nitrogen biogeochemical cycles. A 
number of studies have endorsed the importance of this process towards recycling 
or loss of fixed nitrogen and sulfur compounds in marine ecosystems (Vetriani et al., 
2003; Labrenz et al., 2005; Glaubitz et al., 2009; Canfield et al., 2010). In a similar 
fashion, denitrification and nitrite-dependent AOM couple the elemental cycles of 
carbon and nitrogen (Raghoebarsing et al., 2006; Ettwig et al., 2012), and as a result 
fixed nitrogen may be lost from a range of sub-oxic and anoxic environments as N2. 
The nitrite-dependent AOM pathway by Candidatus M. oxyfera differs from the 
conventional denitrification pathway at the level of nitric oxide, which is converted 
to molecular oxygen and nitrogen through a putative nitric oxide dismutase (nod), 
thus bypassing the potent intermediate nitrous oxide (Ettwig et al., 2010). 
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Anaerobic ammonium oxidation process
For long, denitrification has been the only described mechanism through which 
bound nitrogen species could be converted to molecular nitrogen (N2). Although in 
theory, under anaerobic conditions nitrate or nitrite reduction coupled to ammonium 
oxidation was considered possible, as the Gibbs free energy released during this 
process would be enough to sustain growth (Broda, 1977). However, it was not until 
1995 that the very first indication of such microbial mediated process was obtained 
from a denitrifying fluidized bed bioreactor that showed disappearance of significant 
amounts of ammonium while treating the anaerobic sulfidic effluent stream of a 
yeast manufacturing company (Mulder et al., 1995). Later studies focused on the 
physiology of the enrichment culture. Though initially ammonium oxidation was 
thought to be nitrate dependent, later it turned out that sulfide or organic compounds 
served as electron donors in the system to drive nitrate reduction releasing nitrite, 
which in turn was metabolized by anaerobic ammonium oxidizing (anammox) 
bacteria (Mulder et al., 1995). Further physiological studies revealed that indeed 
nitrite was the electron acceptor for the anammox process (van de Graaf et al., 
1996). Since its discovery, numerous studies have broadened our understanding of 
the anaerobic ammonium oxidation (Kuenen, 2008; van Niftrik and Jetten, 2012; 
Kartal et al., 2013; Lackner et al., 2014). The natural habitats of anammox bacteria 
expand from deep sea sediments and hydrothermal vents to tropical mangroves 
and permafrost soils (Meyer et al., 2005; Penton et al., 2006; Byrne et al., 2009; 
Dale et al., 2009). Furthermore, the presence of anammox in Benguela (Kuypers 
et al., 2005), Arabian sea (Jensen, Lam, Revsbech, Nagel, Gaye, Mike SM Jetten, 
et al., 2011), Chilean (Galán et al., 2009) and Peruvian (Lam et al., 2009) oxygen 
minimum zones is in agreement to the studies that anammox contributes up to 50% 
in N2 production in marine habitats.
Dissimilatory nitrate reduction to ammonium 
According to the current understanding of the nitrogen cycle, a clear distinction can 
be made between N-associated microbial processes that are either conserve or release 
fixed nitrogen into the environment. Denitrification and anammox both contribute 
to nitrogen loss while in Dissimilatory Nitrate Reduction to Ammonium (DNRA), 
ammonium is the end product, and thus nitrogen is retained in the environment. As 
mentioned above, in both nitrate reducing processes (denitrification and DNRA) the 
first step of the pathway involves conversion of nitrate to nitrite by either membrane 
bound (narGH) or periplamsic (napAB) protein complexes. The electron donors 
for the DNRA reaction can be organic or inorganic such as hydrogen, reduced 
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sulfur compounds, or methane (Cole, 1988; Dannenberg et al., 1992; Brunet and 
Garcia-Gil, 1996; Haroon et al., 2013). During the second step of DNRA, nitrite 
is reduced to ammonium, without production of any intermediates. This reaction 
is catalysed by a periplasmic or membrane-bound pentaheme cytochrome c nitrite 
reductase (Nrf) system. Furthermore, the NrfAB or nrfAH enzyme complex is 
suggested to play a functional role in cellular detoxification by converting substrates 
like hydroxylamine, nitric oxide, sulfite and hydrogen peroxide (Simon and Klotz, 
2013). Denitrification and DNRA have two electron acceptors in common: nitrate 
and nitrite, moreover both processes require anoxic or sub-oxic growth conditions 
(Tiedje et al., 1982; Kraft et al., 2014). The C/N ratio is assumed to be one of the 
main factors determining which process will prevail. Under nitrate limitation and 
excess of organic carbon as electron donor DNRA dominates, while at excessive 
nitrate concentrations denitrification is the preferred pathway (Tiedje et al., 1983; 
Kraft et al., 2014; van den Berg et al., 2015). DNRA has received relatively less 
attention compared to denitrification and other processes of the nitrogen cycle. 
Although the physiology and energy conservation mechanism of DNRA has been 
well established in pure cultures, the contribution of DNRA in engineered and 
natural ecosystems remains not well explored (Burgin and Hamilton, 2007; Kraft 
et al., 2011). Bacteria that can carry out DNRA are diverse: fermentative bacteria, 
sulfate reducers, some sulfur oxidizers, anammox and the newly discovered nitrate-
reducing methanotrophic archaea can all perform nitrate ammonification (Tiedje et 
al., 1983; Simon, 2002; Kartal et al., 2007; Haroon et al., 2013; Arshad, Speth, De 
Graaf, et al., 2015). Anammox bacteria generally live under ammonium limiting 
conditions, and therefore greatly depend on other microbial processes for ammonium 
supply. Collaboration between DNRA microorganisms and anammox bacteria 
might therefore benefit both groups. Furthermore, many reports have shown that 
anammox bacteria can be successfully enriched in a stable co-culture with Ca. M. 
nitroreducens, where anammox bacteria rely on the archaeal partner for production 
of nitrite (Zhu et al., 2011; Haroon et al., 2013; Hu et al., 2015). Even though Ca. 
M. nitroreducens carries genetic potential to perform DNRA, it remains unknown if 
in a co-culture or natural habitat anammox can obtain both ammonium and nitrite 
from the physiological activity of Ca. M. nitroreducens. Nevertheless, the presence 
of nitrate, nitrite and ammonium in the same environment creates optimal conditions 
for a metabolic cooperation with nitrite and ammonium scavenging organisms. 
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Metabolic cooperation and ecophysiology of the microbial nitrogen cycle 
The biogeochemical nitrogen cycle is deeply interlinked through microbial activities 
of generalists and specialists, which constitute significant connections to other 
elemental cycles, namely carbon and sulfur cycles. According to physiological 
studies, nitrite is the main product of nitrate reduction by ANME-2d archaea (Haroon 
et al., 2013; Ettwig et al., 2016a). In high concentrations nitrite is toxic and should be 
removed immediately. The first described co-culture of ANME-2d archaea contained 
anammox bacteria which used internally produced nitrite for respiration while 
ammonium was provided in the mineral medium (Haroon et al., 2013). An overview 
of both biochemical processes in a co-culture is provided in Figure 2 (Reaction 2 & 4). 
The initial enrichment culture performing denitrification coupled to AOM contained 
archaea closely related to ANME-2d (99.2% identical 16S rRNA), and were enriched 
together with Ca. M. oxyfera bacteria (Figure 2, reaction 3) which reduced nitrite 
and oxidized methane through a novel intra-aerobic pathway (Raghoebarsing et al., 
2006; Ettwig et al., 2010). Therefore, anammox and Ca. M. oxyfera appear to be 
very suitable metabolic partners of nitrate-AOM performing ANME-2d archaea. The 
co-occurrence of anammox or Ca. M. oxyfera with ANME-2d archaea leads to a 
competition of the former two for nitrite utilization. The ANME-2d archaea encode 
a membrane-bound (nar) nitrate reductase system and lack the capacity to reduce 
nitrite further to N2 (Arshad et al., 2015; Berger et al., 2017; Vaksmaa et al., 2017). 
Although ANME-2d archaea encode a nrfAH type nitrite-dependent ammonium 
production cascade (Haroon et al., 2013; Arshad et al., 2015), only a small part of 
the available nitrite seems to be converted to ammonium Figure, 2 reaction 4 (Zhu, 
2014) and therefore, the ANME-2d archaea probably rely on their microbial partners 
(anammox or Ca. M. oxyfera) for removal of nitrite. Ca. M. oxyfera competes with 
Ca. M. nitroreducens for methane utilization while cooperate for nitrite removal 
(Haroon et al., 2013). Previous studies have shown that anammox bacteria can 
be co-enriched and form a stable co-culture with Ca. M. oxyfera in a bioreactor 
system upon gradual increase of ammonium concentrations in the influent medium 
(Luesken et al., 2011; Zhu et al., 2011; Ding et al., 2014). On the contrary, Hu et al., 
2015 reported that anammox bacteria successfully outcompeted Ca. M. oxyfera in 
a bioreactor system amended with ammonium, methane, nitrate or nitrite. Similarly, 
environmental studies have shown that anammox and Methylomirabilis sp. coexist 
in freshwater sub-oxic and anoxic sediments (Shen et al., 2014, 2015; Wang et al., 
2014). 
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Figure 2: Overview of anaerobic nitrogen cycle microbial processes linked to methane and sulfur cycles.
1: Sulfide-dependent autotrophic denitrification (brown arrows)
2: Anaerobic ammonium oxidation (anammox; red arrows)
3: Nitrite-dependent anaerobic oxidation of methane (Nitrite-AOM) performed by Ca. m. oxyfera (blue arrows)
4: Nitrate-dependent anaerobic oxidation of methane (Nitrate-AOM) by Ca. m. nitroreducens (green arrows)
Different substrate affinities of Ca. M. oxyfera and anammox species might be a 
decisive factor in determining the outcome of this competition. In natural ecosystems, 
the aforementioned interactions become more complex due to the activity of 
nitrifying bacteria and archaea. Nevertheless, these nitrifying bacteria are also 
considered instrumental for providing nitrite or nitrate in natural ecosystems. The 
ammonium concentrations dictate community composition of nitrifying bacteria, as 
ammonium oxidizing bacteria (AOB) dominate at higher ammonium concentrations 
while ammonium oxidizing archaea (AOA) mostly prevail at lower concentrations 
(Yan et al., 2012). 
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Figure 3: Branching diagram with a simplified overview of NO3
− transformations under different conditions, 
indicated by the different colours. Depicted in green is CH4 availability, blue is the carbon input, red represents 
iron (Fe) concentrations, in yellow the free sulfide concentrations (H2S, S
0, FeS), finally in different brown shades 
are the C/N ratio under the different Fe or free sulfide concentrations.  Courtesy of Kox and Jetten, 2015.
In natural ecosystems success of microbial processes for nitrate or nitrite utilization 
may be defined by C/N ratio (Figure. 3) (Kox and Jetten, 2015). Besides nitrate-
AOM, another source of nitrite could be nitrate reduction to nitrite or partial 
denitrification. This process requires the availability of a suitable electron donor, 
which might be organic compounds (heterotrophic denitrification) or reduced sulfur 
substrates (autotrophic denitrification). In nitrate-rich coastal, brackish or estuarine 
environments nitrate reduction coupled to sulfide oxidation may release nitrite or 
reduce nitrate completely to N2 Figure. 3 (Dong et al., 2000; Sorokin et al., 2008). 
Additionally, autotrophic sulfide-dependent denitrifiers have been known to supply 
nitrite to anammox bacteria in wastewater treatment plants Figure 2, reaction 1 
(Mulder et al., 1995; van de Graaf et al., 1996). The basis of this interaction has been 
studied directly in natural environments, e.g. marine oxygen minimum zones as well 
as in laboratory studies mimicking high salinity anoxic conditions (Dalsgaard et al., 
2003; D. E. Canfield et al., 2010; Russ et al., 2014; Rios-Del Toro and Cervantes, 2016). 
Alternatively, under high electron donor and to nitrate concentrations, nitrate may 
not be denitrified but instead be reduced to ammonium by DNRA (Kraft et al., 2011; 
van den Berg et al., 2015). Thus, an expansion of  laboratory investigations focusing 
on interactions between nitrogen, sulfur, and methane utilizing microorganisms, will 
be relevant not only to understand these biogeochemical cycles in natural ecosystems 
where denitrification is coupled to sulfide and methane oxidation, but might also 
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provide efficient solutions for treating domestic and agricultural sewage as well as 
industrial wastewater pollution (Luesken et al., 2011; Zhu et al., 2011; Shen et al., 
2012; Winkler et al., 2015). The implementation of these important AOM processes 
may also be improved by better understanding their metabolism and modes of energy 
conservation which are the topic of the last section in this introductory chapter.
Energy conservation and metabolism in methanotrophic archaea
Anaerobic methanotrophs use an external electron acceptor other than oxygen and 
are found in both prokaryotic domains, Bacteria and Archaea (Boetius et al., 2000b; 
Ettwig et al., 2010; Haroon et al., 2013). Except the NC10 bacterium Ca. M. oxyfera 
that oxidizes methane through a putative intra-aerobic pathway (Ettwig et al., 2010, 
2012) all other anaerobic methanotrophs have been reported to belong to the domain 
Archaea. The three ANME constitute of ANME-1 with sub-groups a and b, ANME-2 
with subclusters a, b, c and d, and ANME-3. All three clades are related to cultivated 
members of Methanomicrobiales, Methanosarcinales and Methanococcoides spp. 
respectively (Hinrichs et al., 1999; Hinrichs and Boetius, 2002; Knittel et al., 2005). 
The ANME clades do not share a monophyletic relation with each other and only 
show 75 to 92% 16S rRNA similarity (Knittel and Boetius, 2009). Possibly, this 
wide phylogenetic distribution is due to the ecological niche adaptation of different 
ANME clades. Beside the recently discovered ANME-2d archaea all other ANME 
clades and their sub-group members were mostly observed in marine environments. 
However, in recent years several studies have reported the existence of sulfate-AOM 
in freshwater and terrestrial environments (Takeuchi et al., 2011; Amos et al., 2012; 
Timmers et al., 2016a). According to initial studies, ANME archaea were thought 
to always occur with SRB partners. However, reports of ANME partnerships with 
Betaproteobacteria and Verrucomicrobia suggested a metabolically more versatile 
lifestyle (Pernthaler et al., 2008; Hatzenpichler et al., 2016). Interestingly, ANME-
1 has been shown to occur without a bacterial partner, though the designated 
electron acceptor for such AOM remains unknown. It was speculated that in such 
ecosystems ANME-1 archaea could use metal oxides as electron acceptors or 
perform methanogenesis (Lloyd et al., 2011; Bertram et al., 2013). Although AOM 
coupled to the reduction of metal (Fe, Mn) oxides is thermodynamically favourable, 
there has been very little experimental evidence to support this. ANME-2a archaea 
were shown to be able to transport electrons to extracellular electron carriers making 
likely interactions with metal oxides (S. Scheller et al., 2016). Only recently, 
ANME-2d archaea have been shown to perform Fe-AOM (Ettwig et al., 2016a) with 
readily available iron in the form of iron-citrate. The main obstacle for biochemical 
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characterization studies of ANME archaea has been the lack of defined or pure 
cultures due to extremely slow and syntrophic growth. Nevertheless, meta-omics 
approaches have been effectively applied on enrichment cultures to obtain genomic 
insights of central metabolic pathways of ANME archaea. A draft meta-genome of 
Ca. M. nitroreducens revealed the presence of a complete (reverse) methanogenesis 
pathway including all (mcr) subunit genes along with F420-dependent 5, 10-methenyl-
tetrahydromethanopterin reductase (mer) genes. Next, genes of nitrate reduction 
(narGH) could also be identified. Additionally, the presence of a complete reductive 
acetyl-CoA (carbon fixation) pathway and acetyl-CoA synthetase suggested a 
possible capacity of acetate production by ANME-2d archaea. Many questions 
about underlying mechanisms of central energy metabolism remained unanswered. 
Nitrate-AOM is performed by ANME-2d archaea alone and unlike sulfate-AOM it 
does not require to transfer redox potentials to an SRB partner via direct inter-species 
electron transfer (DIET) (McGlynn et al., 2015). The pathway for electron transfer 
from cytoplasmic reverse methanogenesis reaction to membrane bound nitrate 
reductase required further investigation. The later part of this thesis (Chapter 4 and 5) 
extensively addresses these questions and provides some key observations. Over the 
past few years, an increasing number of metabolic reconstruction and comparative 
studies have significantly contributed towards current knowledge of the underlying 
metabolic mechanisms in ANME archaea (Haroon et al., 2013; Wang et al., 2014; 
Arshad, et al., 2015; Timmers et al., 2017). Consequently, these studies also provide 
a solid foundation for future research focusing on the functional characterization of 
key enzyme complexes in ANME archaea.
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Outline of this thesis
The biogeochemical cycles are highly interlinked through activities of 
microorganisms; these microbial activities are suggested to play a crucial role in 
regulation and release of intermediates in the environment. Therefore, this thesis 
aimed at further expanding our understanding of microbial interactions of carbon, 
nitrogen and sulfur cycles in natural ecosystems. In Chapter 2, a physiological study 
was conducted and an enrichment culture of chemolithoautotrophic microorganisms 
involved in the methane, nitrogen and sulfur biogeochemical cycles was obtained 
in an anoxic bioreactor that mimicked estuarine, brackish or coastal sediment 
nutrient conditions. The successful enrichment of key microbial players along with 
a novel Nitrospirae sp., Candidatus Nitrobium versatile, revealed that competition 
for substrates and collaboration for intermediates or removal of toxic substances 
are essential drivers for shaping a microbial community. Chapter 3 illustrates how 
the outcome of the aforementioned microbial competition can be influenced when 
one of the substrates (ammonium) is removed from the medium supply. In Chapter 
4, a putative respiratory mechanism of the nitrate reduction coupled to anaerobic 
methane oxidation is presented. The genome based metabolic reconstruction 
provided important observations regarding energy conservation pathways and the 
electron transfer from cytoplasmic electron carriers to membrane bound nitrate 
reductase. Furthermore, the key question of methanogenic capability of anaerobic 
methanotrophic archaea (ANME) archaea of clade 2d was investigated. The 
identification of the acetyl-CoA synthetase (ACS), an enzyme needed for aceticlastic 
methanogenesis, suggested possible utilization of acetate by these freshwater 
methanotrophic archaea. Thus Chapter 5, focuses on the functional characterization 
of ACS in ANME-2d and ANME-2a archaea. This is the very first report of successful 
heterologous expression of ANME archaeal protein in E. coli. The in vitro activities 
of both ANME-2a and ANME-2d ACS enzymes revealed that acetate could be 
utilized by ANME-2 archaea. In Chapter 6, an overall summary of this thesis along 
with integration and future perspectives of each investigation are presented.
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Originality-Significance Statement
In this study the microbial interactions in the nitrogen, sulfur and carbon cycles 
were investigated in an anoxic laboratory-scale bioreactor closely mimicking natural 
conditions. The fluxes of nitrogen, sulfur and methane could be attributed to distinct 
physiological groups by activity measurements, microscopy and metagenomics. 
Furthermore, several high quality draft genomes were recovered. Surprisingly, the 
most dominant member of the microbial community, amounting to 24% of total 
metagenome reads, represents a novel family within the phylum Nitrospira. It is only 
distantly related to cultured Thermodesulfovibrio species (87-89% 16S rRNA gene 
identity). Analysis of this draft genome revealed a versatile metabolic potential as 
well as broad environmental distribution of its family members.
Summary 
Microorganisms are main drivers of the sulfur, nitrogen and carbon biogeochemical 
cycles. These element cycles are interconnected by the activity of different guilds 
in e.g. sediments or wastewater treatment systems. Here, we investigated a nitrate-
reducing microbial community in a laboratory-scale bioreactor model that closely 
mimicked estuary or brackish sediment conditions. The bioreactor simultaneously 
consumed sulfide, methane and ammonium at the expense of nitrate. Ammonium 
oxidation occurred solely by the activity of anammox bacteria identified as Candidatus 
Scalindua brodae and Ca. Kuenenia stuttgartiensis. Fifty-three percent of methane 
oxidation was catalysed by archaea affiliated to Ca. Methanoperedens and 47% by 
Ca. Methylomirabilis bacteria. Sulfide oxidation was mainly shared between two 
proteobacterial groups. Interestingly, competition for nitrate did not lead to exclusion 
of one particular group. Metagenomic analysis showed that the most abundant 
taxonomic group was distantly related to Thermodesulfovibrio sp. (87-89% 16S rRNA 
gene identity, 52-54% average amino acid identity) representing a new family within 
the Nitrospirae phylum. A high quality draft genome of the new species was recovered 
and analysis showed high metabolic versatility. Related microbial groups are found in 
diverse environments with sulfur, nitrogen and methane cycling, indicating these novel 
Nitrospirae bacteria might contribute to biogeochemical cycling in natural habitats.
Keywords: DAMO, DNRA, ammonification, denitrification, methane oxidation, 
ANME, NC10, sulfide, Nitrospirae
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Introduction
The biogeochemical nitrogen, carbon and sulfur cycles are interdependent on each 
other, particularly through the activity of microorganisms exchanging metabolites 
belonging to different cycles (Falkowski et al., 2008). In estuary or coastal anoxic 
sediments, reactive nitrogen compounds such as ammonium and nitrate discharged 
from agriculture can be present along with sulfide from the marine environment and 
methane from deeper methanogenic layers (Egger et al., 2015). Therefore, these 
ecosystems provide substrates for chemolithotrophic microorganisms involved in the 
nitrogen, carbon and sulfur cycles. Microorganisms that are capable of performing 
either partial or full denitrification can convert nitrate or nitrite to molecular nitrogen 
(N2), thereby contributing to nitrogen loss from the ecosystem. Anammox bacteria 
are capable of N2 production by the anaerobic oxidation of ammonium (NH4
+) with 
nitrite (NO2
-) (van de Graaf et al., 1996). Nitrite is usually not supplied by agricultural 
discharge but produced during incomplete denitrification. In an estuary, coastal or 
brackish anoxic ecosystem, sulfide-dependent denitrification may release nitrite 
(Dong et al., 2000) or reduce nitrate completely to dinitrogen gas (Sorokin et al., 
2008). Autotrophic sulfide-dependent denitrifiers have been found to supply nitrite 
to anammox bacteria in wastewater treatment plants (Mulder et al., 1995; van de 
Graaf et al., 1996) and this interaction might also occur in natural environments, e.g. 
marine oxygen minimum zones (Canfield et al., 2010). Indeed, when the interaction 
of anammox bacteria with autotrophic sulfide-dependent denitrifiers was studied in 
enrichment cultures mimicking marine oxygen minimum zones, it was found that 
the latter group provided nitrite for the anammox reaction (Russ et al., 2014; Rios-
Del Toro et al., 2016). Besides sulfide, methane can also be oxidized during partial 
denitrification. Such activity has been demonstrated for the recently discovered 
nitrate-reducing anaerobic methanotrophic archaea tentatively named Candidatus 
Methanoperedens nitroreducens (Raghoebarsing et al., 2006; Haroon et al., 2013). 
Furthermore, bacterial anaerobic methanotrophs belonging to the NC10 clade 
tentatively named Ca. Methylomirabilis oxyfera are capable of nitrite-dependent 
methane oxidation (Ettwig et al., 2010). They have been shown to co-exist with Ca. 
M. nitroreducens where they compete for methane but cooperate for nitrite removal 
(Haroon et al., 2013). On the other hand, Ca. M. oxyfera competes with anammox 
bacteria for their common substrate nitrite (Luesken et al., 2011; Shi et al., 2013). 
Under high electron donor to nitrogen ratios, nitrate may not be denitrified but 
instead be reduced to ammonium by a process termed dissimilatory nitrate reduction 
to ammonium (DNRA) (Kraft et al., 2011; van den Berg et al., 2015). Investigating 
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such interactions between nitrogen-, sulfur-, and methane-cycling microorganisms is 
relevant not only to understand natural ecosystems where denitrification is coupled 
to sulfide and methane oxidation, but also to further develop the treatment of 
moderately saline wastewater produced by the pickling industry, in landfill leachate 
or through new technologies using sea water for toilet flushing (Xiao and Roberts, 
2010).
In this study, we investigated the interactions of chemolithoautotrophic 
microorganisms involved in the methane, nitrogen and sulfur biogeochemical cycles 
in an anoxic laboratory-scale bioreactor that mimicked estuary, coastal or brackish 
sediment nutrient conditions. We monitored the composition of the microbial 
community as well as their substrate turnover in the bioreactor over a period of 
382 days with physiological assays, fluorescence in situ hybridization imaging and 
metagenome sequencing. We observed that cross-feeding of nitrite and competition 
for nitrate and methane occurred between anammox bacteria, autotrophic 
sulfide-dependent denitrifiers, and nitrate- and nitrite-dependent methanotrophs, 
respectively. Surprisingly, we discovered that the most abundant member of the 
microbial community, comprising more than 24% of total metagenome reads, was 
a previously uncultured microorganism distantly related to Thermodesulfovibrio 
species (87-89% 16S rRNA gene identity), representing a new family within the 
Nitrospirae phylum. A high quality draft genome was assembled and encoded 
complete respiratory pathways for oxygen, nitrate (DNRA and denitrification to 
N2O), sulfate, dimethylsulfoxide and trimethylamine N-oxide, alongside the putative 
ability to use a wide range of electron donors, i.e. formate, lactate, sulfur, acetate, 
pyruvate, hydrogen and carbohydrates. Its environmental distribution indicates that 
this bacterial group is involved in nutrient turnover in a wide range of nitrogen and 
sulfur cycling ecosystems.
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Results 
A denitrifying, methane-oxidizing and sulfide-oxidizing microbial community 
enriched in a laboratory-scale bioreactor system 
A laboratory-scale bioreactor system was inoculated with biomass from a marine 
enrichment culture containing sulfide-dependent autotrophic denitrifiers and 
anammox bacteria (Russ et al., 2014), and mixed with biomass from a freshwater 
methane-oxidizing denitrification culture (Ettwig et al., 2016). The reactor received 
ammonium, nitrate, methane, and sulfide in a 1% NaCl mineral medium and was 
operated for 382 days. The reactor received 3 mmol nitrate and 1.4 mmol ammonium 
per day of which 2.3 mmol and 1.2 mmol were consumed, respectively. Further, the 
daily added 0.29 mmol sulfide was almost completely consumed by the microbial 
community as the residual amount of sulfide in the bioreactor was less than 0.3 µmol. 
Methane oxidation rates could not be determined in the continuous bioreactor as the 
consumption was relatively low compared to the added methane flux. The methane 
oxidation rates were therefore determined in the bioreactor under batch mode. 
No nitrite was added to the bioreactor so that nitrite-depending microorganisms 
had to completely rely on the partial conversion of nitrate to nitrite by other 
microorganisms in the community. The apparent amount of nitrite in the bioreactor 
was less than 3 µmol, indicating a near complete conversion of produced nitrite. 
Ammonium was consumed through the anammox process, which is the only known 
pathway to anaerobically oxidize ammonium. As a control, samples retrieved from 
the bioreactor were tested for aerobic ammonium oxidation activity in a respiratory 
chamber; however, no activity could be observed (data not shown). Therefore, all 
ammonium was assumed to be converted by anammox bacteria leading to average 
ammonium and nitrite consumptions rates of 1.2 and 1.5 mmol in 24 h in the 1.5 L 
working volume of the bioreactor, respectively. Additionally, nitrate is a by-product 
of the anammox metabolism (Strous et al., 1998) and thus about 0.3 mmol of nitrate 
would be recycled back into the system. Considering the additional nitrate produced 
by anammox, the net average nitrate consumption rate was 2.6, and not 2.3 mmol in 
24 h. eventually, the remainder of the produced nitrite would be consumed by nitrite-
dependent methanotrophs. 
Methane conversion rates were determined in batch mode of the bioreactor. During 
this test, no sulfide was added to the bioreactor so nitrate reduction would be 
exclusively dependent on anaerobic methane oxidizers. Heterotrophic denitrification 
was not tested as dead biomass would be the only organic carbon source for this 
process and, therefore, this activity was expected to be negligible. Reactor batch 
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operation was started with 10% methane in the headspace, 10.95 mmol nitrate and 
483 μmol ammonium. After 24 h of continuous batch operation, methane in the 
reactor headspace had decreased to 6.5% and nitrate to 7.65 mmol (Figure 1A, 
B), equalling a total consumption of 1.16 mmol methane and 2.2 mmol nitrate. 
Ammonium was already depleted after 12 h (Figure 1C), after which a low amount 
of nitrite (12 µmol) accumulated in the bioreactor.
Figure 1: Whole reactor batch activity assay. (A) Methane oxidation recorded over a period of 24h. (B) 
Consumption of nitrate during the batch experiment. (C) Anammox activity established through consumption 
of ammonium and nitrite. The samples were collected every 4h and measured in triplicates. Error bars represent 
standard deviation. The error bars in (A) and (B) are masked by the size of the data point.
Fluorescence in situ hybridization and metagenomics analysis of the biomass 
Molecular characterization of the microbial community in the reactor was performed 
through fluorescence in situ hybridization (FISH) on day 63 and day 258, and by 
metagenome sequencing on day 258. After 63 days, FISH analysis showed the 
presence of the nitrate- and nitrite-dependent anaerobic methane oxidizers Ca. 
Methanoperedens nitroreducens and Ca. Methylomirabilis oxyfera (Figure 2A). 
Furthermore, anammox bacteria as well as Sedimenticola sp., a gammaproteobacterial 
sulfide-dependent denitrifier, were detected (Figure 2B). After 258 days, Ca. M. 
nitroreducens, Ca. M. oxyfera (Figure 2C) and anammox bacteria could still be 
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detected (Figure 2F), whereas Sedimenticola sp. had disappeared (data not shown). 
Neither Sedimenticola-specific nor gammaproteobacterial probes resulted in a 
positive FISH signal. Instead, the betaproteobacterium Thiobacillus sp. (Figure 2D) 
and other betaproteobacteria (Figure 2E) had become abundant in the bioreactor.
Figure 2: Fluorescence in situ hybridization micrographs of the reactor biomass after 63 days (A, B) 
and 258 days (C, D, E, F). (A) Ca. M. nitroreducens visible in red (D-arch641-Cy3) and Ca. M. oxyfera in 
green (D-bact193-FLUOS). (B) Anammox bacteria visible in blue (Amx0820-Cy5), Sedimenticola sp. in 
green (GAM781-FLUOS) and Ca. M. oxyfera in red (D-bact193-Cy3). (C) Ca. M. nitroreducens visible in 
green (D-arch641-FLUOS) and Ca. M. oxyfera in red (D-bact193-Cy3). (D) Thiobacillus spp. visible in green 
(Betthio1001-FLUOS) and general bacteria visible in blue (Eub338 I-III-Cy5) (E) Betaproteobacteria visible in 
red (Bet42-Cy3), Ca. M. nitroreducens in green (D-arch641-FLUOS) and most bacteria labelled blue (Eub338 
I-III-Cy5). (F) 
Anammox sp. visible in red (AMX368-Cy3). The scale bar represents 20 µm.
Microbial community composition was examined through 16S rRNA gene analyses, 
uploading metagenome reads in the SILVA database project tool (Figure 3A) and 
also by assembly and binning. This yielded 50 bins (Figure 3B), including seven 
high quality bins to which over 50% of all sequencing data mapped. In line with 
the FISH results, we were able to assign genome bins to Ca. M. nitroreducens, 
Ca. M. oxyfera and the anammox bacteria Ca. Kuenenia stuttgartiensis and Ca. 
Scalindua brodae. These genome bins contained key genes for archaeal anaerobic 
methanotrophy, bacterial methanotrophy and the anammox reaction (Supplementary 
Table 2) which have been described in detail elsewhere (Ettwig et al., 2010; van de 
Vossenberg et al., 2013; Arshad et al., 2015). It is interesting to note that Ca. M. 
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nitroreducens only made up 2% of the microbial community according to 16S rRNA 
gene analyses (Figure 3A), which contrasts the higher abundances indicated in the 
FISH micrographs (Figure 2C). This may be due to DNA extraction biases that select 
against these archaea (Morono et al., 2009; Luo et al., 2014). 
Figure 3: Metagenome analysis of the bioreactor after 258 days. (A) Percent of metagenome reads that mapped to 
16S rRNA genes. a-d: 16S rRNA gene reads belonging to Phycisphaerae, Ca. M. nitroreducens, Deltaproteobacteria 
and Brocadiales were 1, 2, 2, and 4%, respectively. e-g: 16S rRNA reads associated with moderately abundant 
bacteria corresponded to Alphaproteobacteria (6%), Betaproteobacteria (6%), and Gammaproteobacteria (7%). 
h: 16% of the reads matched the Ca. M. oxyfera 16S rRNA, the second most abundant microorganism. i: 17% 
of the 16S rRNA reads belonged to the microorganisms related to Bacteroidetes, Acidobacteria, Chloroflexi and 
Gemmatimonadetes. j: 16S rRNA reads belonging to class Nitrospirae. (B) Microbial abundances based on percent 
of mapped metagenome reads highlights the enrichment of a new Nitrospirae organism (darker grey in contrast with 
others in light grey). Percent of metagenome reads (assembled into contigs) that mapped to reconstructed microbial 
genomes (bins) are shown. While 83.1% of reads mapped to bins, 16.9% of the reads mapped to unbinned contigs. 
The number of bins (“# bins”) in each category is indicated at the x-axis, while coverage (“x”), combined for each 
category, is displayed on top of each bar.
Additionally, we identified three genome bins that showed the potential for 
sulfide-dependent denitrification: two closely related to S. denitrificans and one 
affiliated within the alphaproteobacterial family Phyllobacteriaceae. The most 
abundant putative sulfur oxidizer had a 98.53% complete draft genome with 0.87% 
contamination and a S3 protein (RpsC) 82.6% similar to the one in Sulfuricella 
denitrificans skB26 (no 16S rRNA gene present). This genome revealed the presence 
of the complete sulfide oxidation and nitrate reduction pathways (Supplementary 
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Table 3). In this bin we found the potential for sulfide conversion to elemental sulfur 
(S0) or sulfite either by sulfide quinone reductase (Sqr) or the dissimilatory sulfite 
reductase complex (encoded by dsrAB), respectively. Sulfite can be further oxidized 
to adenosine 5`-phosphate (APS) by APS reductase (Apr) and eventually to sulfate by 
5`-triphosphate sulfurylase (Sat). The genome also encoded the Sox enzyme system 
used for thiosulfate oxidation. Furthermore, genes encoding a complete denitrification 
pathway were present (Supplementary Table 3). Interestingly, a membrane bound 
NarGHI nitrate reductase most closely related to Thiohalomonas sp., T. denitrificans 
and Methylotenera mobilis, respectively, in addition to a periplasmic NapAB related 
to that from S. denitricans sKB26 and A. oryzae, respectively, were identified. A 
cytochrome cd1 nitrite reductase (NirS) and nitrous oxide reductase (NosZ), along 
with the nitric oxide reductase NorBC were also detected. Furthermore, this bin 
encoded the ammonium-forming nitrite reductase NirBD, which was most closely 
related to the corresponding subunits in Thiobacillus sp. and Thauera phenylacetica. 
In addition to that, we recovered a high quality genome bin (98.8% complete with 
0.73% contamination) phylogenetically placed within the Xanthomonadaceae family 
(93% RpsC amino acid sequence similarity to Dyella koreensis). This organism was 
the third most abundant phylotype in the bioreactor (8.85% of the reads) and was 
likely involved in nitrogen cycling given the anoxic conditions in the bioreactor. An 
incomplete denitrification pathway to N2O was identified based on the presence of 
a nitrate transporter, narGHI, nirKS, and norBC. We hypothesize that this organism 
may be involved in sulfide oxidation based on the presence of genes encoding a 
sulfide quinone oxidoreductase and two rhodanese-related sulfur transferases. No 
sulfur oxygenase reductase, ferredoxins, soluble HdrABC-type heterodisulfide 
reductases, or molybdopterin oxidoreductases were encoded so it is unclear what the 
final product of sulfide oxidation may be. Under oxic condition, this microorganism 
might use aerobic respiration as the draft genome encoded the aerobic electron 
transport chain including NADH dehydrogenase (nuoA-N), succinate dehydrogenase 
(sdhABCD), cytochrome bc1 complex (ISP, cyt b, and cyt c1), and both aa3- and 
cbb3-type cytochrome c oxidases (cyoE and coxABCD, and subunits I, II, III, and 
IV, respectively). All genes in the central carbon metabolism for glycolysis, Entner-
Doudoroff pathway, pentose phosphate pathway, citrate cycle, and glyoxylate shunt 
were identified. 
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The most abundant community member in the bioreactor was a metabolically 
versatile novel species representing a new family within the Nitrospirae
Surprisingly, the most abundant taxonomic group according to the metagenome data 
was related to previously uncultured microorganisms within the Nitrospirae distantly 
related to Thermodesulfovibrio sp. A high quality draft genome was obtained for 
this species through metagenome binning (100% complete, predicted contamination 
level of 4.98% based on a single-copy maker gene analysis (Parks et al., 2015)). 
Total genome coverage was 242x, amounting to 24% of total binned reads in the 
bioreactor metagenome. The genome contained some common features with 
Thermodesulfovibrio sp. (potential for sulfate reduction, electron donors hydrogen, 
formate and acetate) but also harboured new metabolic capabilities indicating a 
more versatile lifestyle than cultured Thermodesulfovibrio sp. and other Nitrospirae 
(Figure 4, Supplementary Table 4). We found that the genome encoded a full sulfate 
reduction pathway (Sat, AprAB, reductive DsrAB) as well as an enzyme system 
catalysing DNRA (NirBD, NrfAH) and a complete aerobic respiratory chain (NADH 
dehydrogenase, succinate dehydrogenase, cytochrome bc1 complex, cytochrome 
aa3 oxidase). Partial denitrification was also encoded (nitrate permease, NarGHI, 
NapAB, NorBC). Divergent NirK/NirS might be present: two ORFs (Node 192, 
gene 26, and Node 268, gene 29) were ~24-28% identical in amino acid sequence 
to reference NirK/NirS sequences. It has been suggested previously that divergent 
NirK proteins sharing only 10% sequence identity with reference proteins might still 
reduce nitrite to nitric oxide (Helen et al., 2016). However, experimental data are 
needed to confirm this hypothesis. Furthermore, the genome encoded the anaerobic 
respiratory enzymes trimethylamine N-oxide (TMAO) and dimethylsulfoxide 
(DMSO) reductase. As electron donors, the small organic acids acetate (presence 
of genes encoding acetyl-CoA synthetase), formate (genes encoding formate 
dehydrogenase FdoG/FdfH), pyruvate (7 copies of pyruvate water dikinase and 
pyruvate: ferredoxin oxidoreductase) and lactate (lactate dehydrogenase) might 
be used. We also identified 5 alcohol dehydrogenases and an aldehyde: ferredoxin 
oxidoreductase. Several hydrogenase gene clusters (hyf and hyb, including maturation 
system hyp) suggest the possibility of hydrogen uptake or production.
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Figure 4: Metabolic reconstruction of Nitrospirae phylum related bacteria based on a genome obtained from 
metagenomics data. The main respiratory and central carbon metabolism pathways are represented with focus on 
potential electron donors and acceptors. We have identified the electron transport chain for oxygen (SDH: succinate 
dehydrogenase/fumarate reductase; NuoA-N: NADH dehydrogenase; Q: quinone [quinone biosynthesis pathway]; 
Cyt bc1: Complex III; C: cytochrome c; Cyt c aa3: aa3-type terminal oxidase), nitrate (Per: nitrate permease; NarGHI: 
membrane-bound nitrate reductase; NirBD: cytoplasmic ammonium-forming nitrite reductase; NapAB: periplasmic 
nitrate reductase; NrfAH: membrane-bound ammonium-forming nitrite-reductase; NirKS: nitric oxide-forming 
nitrite reductase; NorBC: nitric oxide reductase), and for sulfate (Sat: sulfate adenylyltransferase; AprAB: adenosine 
5’-phosphosulfate (APS) reductase; DsrAB: dissimilatory sulfite reductase). Candidate electron donors (printed 
in bold) include hydrogen, formate, acetate, alcohols, lactate, pyruvate, and glucose. AAs: amino acids; ACS: 
acetyl-coenzyme A synthetase; ADH: alcohol dehydrogenase; AFOR: aldehyde:ferredoxin oxidoreductase; ALDH: 
aldehyde dehydrogenase; FDH: formate dehydrogenase; LDH: lactate dehydrogenase; M/D/TMA: mono-, di-, and 
trimethylamines; NiFe Hyd: nickel-iron hydrogenases; PDH: pyruvate dehydrogenase; PEP: phosphoenolpyruvate; 
PFOR: pyruvate:ferredoxin oxidoreductase; PK: pyruvate phosphate dikinase; PW: pyruvate water dikinase; TCA: 
tricarboxylic acid cycle.
We did not find any indication for butyrate and propionate oxidation. Furthermore, 
we detected the genomic potential that these novel Nitrospirae bacteria are able to 
use simple carbohydrates based on a complete glycolysis pathway with the exception 
of aldolase, as well as a complete pentose phosphate pathway. Other potential 
electron donors are methyl groups. We found several subunits of different methyl 
transferases for methanol, mono-, di- and trimethylamine related to enzymes found 
in sulfate reducers, acetogens and methanogens. Even though neither methanol or 
methylamine dehydrogenases nor a complete methyl transferase operon was found, 
the abundance of individual subunits implicated in a methylotrophic lifestyle indicates 
that potentially methyl groups may be used as electron donors. The genome also 
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encoded an (incomplete) tricarboxylic acid (TCA) cycle missing only the succinyl-
CoA synthetase. No evidence was found for a reductive TCA cycle (no ATP-citrate 
lyase). Unlike Thermodesulfovibrio sp., the here presented draft genome encoded a 
complete Wood-Ljungdahl pathway for autotrophic carbon fixation.
Discussion
Competition and collaboration in the bioreactor reveal several major players 
in substrate turnover
Competition for substrates and collaboration for providing intermediates or removal 
of toxic substances are key drivers for the shaping of microbial communities. We 
investigated the community dynamics and physiological activity of a microbial 
community under brackish conditions (1% NaCl) enriched in a laboratory-scale 
bioreactor supplied with mineral medium and nitrate, sulfide, ammonium, and 
methane. After one year of operation, a stable microbial community in the bioreactor 
metabolized all substrates and it was possible to attribute tentative removal rates to 
different physiological groups (Supplementary Figure 1). Nitrogen loss in the form 
of N2 was due to the activity of anammox bacteria (Equation 1), sulfide-dependent 
denitrifiers (Equation 2), and the combined activity of nitrate- and nitrite-dependent 
anaerobic methanotrophs (Equation 3). 
Eq. 1 1 NH4
+ + 1.32 NO2
- → 1.02N2 + 0.26 NO3
- + 2 H2O
Eq. 2 5 HS- + 8 NO3
- + 3 H+ → 5 SO4
2- + 4 N2 + 4 H2O
Eq. 3 5 CH4 + 8 NO3
- + 8 H+ → 4 N2 + 5 CO2 + 14 H2O
Metagenome sequencing indicated that, about 27% from the total anammox-associated 
reads belonged to Ca. K. stuttgartiensis while remaining 73% could be recovered in 
the genome bin belonging to Ca. S. brodae. Anammox bacteria produced 1.22 mmol 
N2 and the nitrite-dependent methanotrophs 0.86 mmol. For the sulfide-dependent 
denitrifiers, a maximal amount of 0.23 mmol N2 could be produced if all nitrate 
was reduced to N2; probably some nitrate was reduced to nitrite (or ammonium) 
thus diminishing the amount of N2 emitted by this physiological group. In total, 
this would amount to a maximum total nitrogen loss of 2.31 mmol N2, of which 
53% were produced by anammox bacteria. The nitrite-dependent methane oxidizers 
Ca. M. oxyfera contributed to 37% of the total nitrogen loss, whereas the sulfide-
dependent denitrifiers only contributed to about 10% of the nitrogen loss if all nitrate 
was reduced to N2. A previous study investigating the nitrogen loss in a bioreactor 
model that did not contain methane concluded that anammox accounted for 65-
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75% and sulfide-dependent denitrifiers for 25-35% of the nitrogen loss (Russ et al., 
2014). Our results clearly demonstrate that when methane is included as electron 
donor, methane-dependent denitrifiers are competitive and will start to contribute 
substantially to the overall nitrogen loss. Although the sulfide-dependent denitrifiers 
only cause a maximum of 10% of the N2 loss, they contribute significantly (31%) 
in providing nitrite for anammox bacteria and nitrite-dependent methanotrophs 
Ca. M. oxyfera. The remaining 69% of nitrite is produced by the nitrate-dependent 
methanotrophs Ca. M. nitroreducens. Methane was oxidized to almost equal parts 
by Ca. M. oxyfera (53%) and Ca. M. nitroreducens (47%) as was evident from the 
methane oxidation rates under sulfide depletion in the batch reactor assays. Under 
these conditions, nitrate is reduced to nitrite exclusively by Ca. M. nitroreducens 
with stoichiometric methane oxidation according to Equation 4. 
Eq. 4 CH4 + 4 NO3
- → CO2 + 4 NO2
- + 2 H2O
Ca. M. oxyfera is responsible for the remainder of the methane oxidation rate and 
nitrite reduction to N2 according to Equation 5:
Eq. 5 3 CH4 + 8 NO2
- + 8 H+ → 3 CO2 + 4 N2 + 10 H2O
Besides competition and collaboration for substrates, the microbial community in 
the bioreactor was dependent on the removal of intermediates that could have a toxic 
effect. It has been noted previously that anammox bacteria are sensitive to sulfide 
stress (Russ et al., 2014) with a low IC50 of 10 µM. Therefore, anammox bacteria 
are dependent on the activity of sulfide-oxidizing microorganisms to keep the sulfide 
concentration below 1 µM. On the other hand, it seemed that sulfide stimulated the 
growth of Ca. M. nitroreducens, presumably through the maintenance of low redox 
potential and strictly anoxic conditions, as these methanotrophs rely on enzymes that 
are readily inactivated by oxygen. 
First enrichment of novel Nitrospirae bacteria distantly related to 
Thermodesulfovibrio that are frequently found in environments with sulfur, 
nitrogen and methane cycling
The most abundant microorganism according to metagenome sequencing in the 
present study was only distantly related to Thermodesulfovibrio (87-89% 16S rRNA 
gene identity) as the closest isolated representative and constituted about 24% of the 
microbial community based on the number of reads mapped to the draft genome. 
The metabolic reconstruction of this genome revealed the genomic potential for 
the use of a wide range of electron donors, i.e. hydrogen, pyruvate, lactate, acetate, 
and formate, as well as a complete pathway for oxygen, nitrate, sulfate, DMSO and 
TMAO respiration. Also, it harboured a complete Wood-Ljungdahl pathway for 
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autotrophic CO2 fixation or acetate oxidation. This microorganism can therefore 
be viewed as versatile and probably facultative anaerobic, capable of either an 
organoheterotrophic or chemolithoautotrophic lifestyle. In the current bioreactor 
system, only ammonium, sulfide and methane were provided as electron donors. 
The Nitrospirae related genome encodes neither ammonium nor methane activating 
enzymes indicating that it probably does not metabolize these substrates. Sulfide 
might be used by the reverse reaction of the sulfate reduction pathway; however, 
when we analysed the phylogenetic relationship of the relevant DsrA protein encoded 
by these organisms, we noted that it falls into the sulfate-reducing and not the sulfide-
oxidizing cluster, making it unlikely that these bacteria are able to oxidize sulfide with 
DsrAB. It has however recently been reported that a reductive-type DsrAB might be 
able to work in the oxidative direction (Thorup et al., 2017) but this result has not yet 
been biochemically validated. We did not find a sulfide quinone oxidoreductase that 
could complement this activity, making it unlikely that sulfide is used as an electron 
donor. It has recently been observed that sulfur oxidation or disproportionation can 
be coupled to DNRA (Mardanov et al., 2016; Slobodkina et al., 2017) but the genes 
involved are not yet clear. Provided that sulfur compounds more oxidized than sulfide 
are excreted by e.g. the proteobacterial sulfide oxidizers, these might be substrates 
for the Nitrospirae-related bacteria. Other compounds, e.g. hydrogen or methanol, 
may be intermediary products of methane oxidation that are potentially released into 
the medium, alongside electron donors that become available from the turnover of 
biomass. It is, however, difficult to imagine how leakage products could lead to such 
a high abundance of this taxonomic group in the bioreactor, even if DNA extraction 
biases are taken into consideration. 
When we analysed the nitrogen cycling metabolic potential of these bacteria, it was 
interesting to note that both redundancies and omissions in well-described pathways 
occurred. Nitrate could clearly be reduced to nitrite by either NarGHI or NapAB 
type nitrate reductases. We found NrfA which is the catalytically active subunit of 
the nitrite: ammonium oxidoreductase enabling DNRA, together with its membrane 
anchor NrfH (Simon et al., 2003). Interestingly, it was not clear if the genome lacked 
genes encoding the nitrite reductases NirS and NirK. The genome encoded a nitric 
oxide reductase (NorBC) for the reduction of NO to N2O. The NO reductase encoded 
by nosZ was missing in the genome. The presence of millimolar quantities of nitrate 
in the bioreactor makes it unlikely that sulfate reduction was occurring, as nitrate 
respiration will thermodynamically outcompete sulfate respiration. However, it has 
been observed that microorganisms do not always abide to this rule (Canfield et al., 
2010; Chen et al., 2017; Dalsgaard and Bak, 1994), and simultaneous nitrate and 
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sulfate reduction cannot be excluded. In such a case, a cryptic sulfur cycle might 
be happening. Cryptic sulfur cycling has been previously found in marine oxygen 
minimum zones (Canfield et al., 2010) as well as terrestrial peat soils (Hausmann 
et al., 2016), freshwater sediments (Hansel et al., 2015), and sub-surface coal wells 
(Glombitza et al., 2016). Another possibility is that the Nitrospirae-related bacteria 
disproportionate sulfur compounds, eliminating the need for a designated electron 
donor. Unfortunately, the disproportionation of sulfur compounds is highly complex 
and not yet fully understood and the involved genes are unknown (Finster et al., 
1998; Frederiksen and Finster, 2003; Hardisty et al., 2013). Future research will 
target the isolation of these interesting microorganisms to study their physiology and 
possible role in the bioreactor. 
Additionally, taxonomic groups related to the Nitrospirae bacteria found in this 
bioreactor occur in a wide range of environments that are implicated in sulfur, 
nitrogen and methane cycling. Thermodesulfovibrio spp. are the closest cultured 
representatives of the here presented bacterial group with 87-89% rRNA gene identity 
(Figure 5). The phylogenetic tree topology was corroborated by a phylogenetic tree 
of 17 concatenated ribosomal protein sequences (Supplementary Figure 2) and an 
average amino acid identity (AAI) value of 52-53% (Supplementary Table 5). Taking 
these values together, this novel Nitrospirae microorganism presumably belongs to 
a new family within the phylum Nitrospirae. We propose the following naming: 
Candidatus Nitrobium versatile gen. nov., sp. nov. Ni.tro’bi.um. L. n. nitrogenium 
nitrogen; Gr. n. bios life. neut. n. Nitrobium a living entity metabolizing nitrogen 
compounds. Ca. N. versatile sp. nov. (ver.sa’ti.le L. adj. with a versatile metabolism). 
At the moment, all members of this phylum are classified as genera within the family 
Nitrospiraceae. Our data show that there are probably several distinct families to be 
defined within the family Nitrospiraceae. Therefore, the proposal of a new family 
within the phylum Nitrospirae would require a revision of the complete taxonomy 
within this order, even though our 16S rRNA gene identities and AAI values support 
the presence of a new family. 
CHAPTER 2
50
F
ig
ur
e 
5:
 P
hy
lo
ge
ne
ti
c 
tr
ee
 o
f 
se
qu
en
ce
s 
cl
os
el
y 
re
la
te
d 
to
 t
he
 n
ov
el
 N
it
ro
sp
ir
ae
 f
am
ily
 b
ac
te
ri
um
 e
nr
ic
he
d 
in
 t
hi
s 
st
ud
y.
 T
he
 1
00
 b
es
t B
L
A
S
T
 h
it
s 
(n
uc
le
ot
id
e 
si
m
il
ar
it
y 
>
 9
0%
) 
to
 t
he
 1
6S
 r
R
N
A
 g
en
e 
fr
om
 t
he
 N
it
ro
sp
ir
ae
 f
am
il
y 
ba
ct
er
iu
m
 w
er
e 
re
tr
ie
ve
d.
 R
ep
re
se
nt
at
iv
e 
se
qu
en
ce
s 
fr
om
 4
0 
di
ff
er
en
t 
st
ud
ie
s 
w
er
e 
se
le
ct
ed
 a
lo
ng
 w
it
h 
20
 i
so
la
te
 
re
fe
re
nc
e 
se
qu
en
ce
s 
fr
om
 t
he
 N
C
B
I 
an
d 
S
IL
V
A
 d
at
ab
as
es
. A
ll
 s
eq
ue
nc
es
 a
ffi
li
at
e 
w
it
hi
n 
th
e 
ph
yl
um
 N
it
ro
sp
ir
ae
, 
ex
ce
pt
 t
he
 o
ut
gr
ou
p 
N
itr
os
pi
na
 g
ra
ci
lis
 f
ro
m
 t
he
 p
hy
lu
m
 
N
it
ro
sp
in
ae
. T
he
 s
eq
ue
nc
e 
si
m
il
ar
it
y 
be
tw
ee
n 
th
e 
16
S
 r
R
N
A
 g
en
e 
of
 th
e 
no
ve
l N
it
ro
sp
ir
ae
 f
am
il
y 
ba
ct
er
iu
m
 a
nd
 e
nv
ir
on
m
en
ta
l s
eq
ue
nc
es
 p
ut
at
iv
el
y 
cl
us
te
ri
ng
 in
 a
 n
ew
 f
am
il
y 
ra
ng
ed
 fr
om
 9
1 
to
 9
5.
5%
.
Microbial interactions under nitrate-AOM conditions in an anoxic bioreactor
2
51
A recent preprint article detected related microorganisms distantly related to 
Thermodesulfovibrio sp. in rice paddy microcosms that were amended with gypsum 
(CaSO4·2H2O) and based on a metagenomics assembled genome tentatively named 
Ca. Sulfobium mesophilum (Zecchin et al., 2017).  As this genome sequence is not 
yet publically available the exact phylogenetic affiliation needs to be resolved in 
the future. We suggest to direct future efforts at resolving the taxonomic ambiguity 
within the phylum Nitrospirae. Physiological characteristics of the closely related and 
cultured Thermodesulfovibrio spp. are the ability to perform dissimilatory sulfate, 
sulfite and thiosulfate reduction with a limited set up electron donors, i.e. hydrogen, 
formate, pyruvate and lactate (Henry et al., 1994; Haouari et al., 2008; Sekiguchi 
et al., 2008; Frank et al., 2016). All of the current isolated Thermodesulfovibrio sp. 
are thermophiles whereas the enriched Nitrospirae-related bacteria grew at ambient 
temperature. Konno and colleagues detected Thermodesulfovibrio-like sequences 
(91-92% 16S rRNA gene identity) in freshwater aquifers in the terrestrial subsurface 
which is a very oligotrophic ecosystem (Konno et al., 2013). Lau et al. found 
Thermodesulfovibrio-like metagenome sequences in the South African continental 
crust under mesophilic conditions where biogeochemical cycling of nitrogen, sulfur 
and methane had been shown previously (Lau et al., 2014). Baker et al. investigated 
the genomic potential of a microbial community in estuary sediments (Baker et al., 
2015). They were able to reconstruct environmental genomes harbouring the potential 
to contribute to the carbon, nitrogen and sulfur cycle. One of their environmental 
genomes was distantly related to Thermodesulfovibrio. That genome harboured 
the metabolic potential for some fermentative pathways, hydrogen production or 
consumption, and dissimilatory sulfate reduction. Interestingly, a recent amplicon 
sequencing survey of river sediments impacted by freshwater mussels discovered the 
co-occurrence of anammox bacteria, nitrate- and nitrite-dependent methanotrophs 
as well as Thermodesulfovibrio-like sequences (Black et al., 2017). Their survey 
did not target sulfide-dependent denitrifiers, but proteobacteria were abundantly 
present and could potentially be involved in nitrate-dependent sulfide oxidation. 
Especially these two studies by Black et al. and Baker et al. (Baker et al., 2015; 
Black et al., 2017) describe ecosystems that mirror the enrichment conditions in the 
here presented bioreactor: the interlinkage of sulfur, nitrogen and methane cycling 
leading to the enrichment of known and new players in these processes.
Furthermore, we performed a database survey targeting environmental 16S rRNA 
gene sequences (Figure 5) related to those found in our novel Nitrospirae family 
bacterial genome. We found sequences that shared 91-95.5% identity to the one 
identified here in 40 different studies. Most notably, half of them originated from 
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freshwater sediments (wetlands, rivers, lakes, reservoirs) and soils (peat, fen, 
paddies). Interestingly, 21% of environmental sequences were recovered from 
bioreactors or sediment slurries for the degradation of diverse compounds, while 
14% of these sequences derived from the deep terrestrial subsurface. The ubiquitous 
distribution of members in this new Nitrospirae family highlights the potential role 
of such organisms in the biogeochemical cycles in diverse environments relevant for 
methane, sulfur, and nitrogen cycling.
Experimental procedures
Enrichment and reactor operation
A 2.5 L bioreactor (Applikon, Delft, The Netherlands) with a working volume of 
1.5 L was used for cultivation of the enrichment culture for a period of 382 days. 
It was operated at room temperature. The inoculum consisted of biomass from a 
marine enrichment culture containing sulfide-dependent autotrophic denitrifiers 
and anammox bacteria (Russ et al., 2014) and biomass from a freshwater methane-
oxidizing denitrification culture (Ettwig et al., 2016). The reactor was operated at 
150 rpm with a stirrer that contained two standard six-blade turbines. The flow of 
methane gas to the reactor was kept at 7.5 ml min-1 using a mass flow controller 
(Brooks Instrument, Ede, The Netherlands). Additionally, the bioreactor was 
constantly flushed with Ar/CO2 (95:5) to ensure anoxic conditions. The pH of the 
reactor liquid was monitored with a pH electrode (Applisens, Applikon, Delft, 
The Netherlands) and was maintained at 7.1 with 100 g L-1 KHCO3 solution. The 
pH pump was controlled by an ADI 1010 biocontroller (Applikon, Delft, The 
Netherlands). The mineral medium per liter contained 10 g coral pro salt (Red Sea), 
7 mM NH4Cl, 15 mM NaNO3, 0.6 ml anammox specific trace element solution (van 
de Graaf et al., 1996) (15 g/L EDTA, 0.43 g/L ZnSO4 x7H2O, 0.24 g/L CoCl2x6H2O, 
0.99 g/L MnCl2x4H2O, 0.25 g/L CuSO4x5H2O, 0.22 g/L Na2MoO4x2H2O, 0.2 g/L 
NiCl2x6H2O, 0.067 g/L SeO2, 0.014 g/L H3BO3, 0.05 g/L Na2WO4x2H2O), 0.6 mL 
FeSO4, 0.5 mL 100 g K2HPO4, 1.25 mL (288 mg/L) MgSO4, 1.25 mL (192 mg/l) CaCl2, 
and 1 mL trace element solution for DAMO microorganisms (0.5 g/L ZnSO4x7H2O, 
0.12 g/L CoCl2x6H2O, 2 g/L CuSO4, 0.2 g/L NiCl2x6H2O, 0.014 g/L H3BO3, 0.3 g/L 
MnCl2x4H2O, 0.04 g/L Na2WO4x2H2O, 0.2 g/L Na2MoO4x2H2O, 0.02 g/L SeO2, 0.8 
g/L CeCl2). The 6.7 mM sulfide solution was provided as separate anaerobic medium 
with a flow rate 100 mL day-1. The nitrate and nitrite concentrations in the bioreactor 
were measured daily with MQuant™ colorimetric test strips (Merck, Darmstadt, 
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Germany). Sulfide concentration was measured through acidification with 0.5 M 
HCl and injecting the gas samples to a gas chromatograph (7890B GC systems, 
Agilent Technologies, Santa Clara, USA). The GC was equipped with a Carbopak 
BHT-100 column (60-80 mesh) and flame photometric detector (FPD). The injection 
and detection temperature was 200ºC and the oven temperature was 80ºC.
Whole culture batch activity assays
To measure methane consumption, medium and gas supplies were stopped and 
headspace methane concentration decreased to ca. 10% by flushing with Ar/CO2 
(95:5). The methane concentration was then measured every 4 h for a period of 24 h. 
At each sampling time, headspace gas samples of 100 µl were withdrawn with a gas 
tight glass syringe (Hamilton, Switzerland) and immediately measured through a HP 
5890 gas chromatograph equipped with a Porapak Q column (80/100 mesh) and flame 
ionization detector (Hewlett Packard, USA). The injection and detection temperature 
was 150ºC and the oven temperature was 120ºC. Final methane concentrations 
were calculated through calibration gas and self-made standards. Additionally, 2 ml 
liquid sample was centrifuged and supernatant stored at -20ºC for determination of 
nitrogenous compounds. Nitrite was measured colorimetrically at 540 nm after a 15 
min-reaction of 1 ml sample (0.05-0.5 mM nitrite) with 1 ml 1% sulfanilic acid in 
1 M HCl and 1 ml 0.1% naphtylethylene diaminedihydrochloride (Griess, 1879). 
Ammonium was measured at 420 nm on a 96 well fluorescence spectrophotometer 
after reaction with 10% ortho-phthaldialdehyde as described previously (Taylor et 
al., 1974). Nitrate was measured with a Sievers Nitric Oxide analyzer (NOA280i, 
GE Power&Water technologies, USA). The sample measurements were carried out 
in duplicates. 
Metagenome sequencing and analysis
On day 258, 150 mL biomass for genomic DNA extraction was sampled from the 
bioreactor, homogenized in a glass homogenizer to disrupt granules, and DNA was 
extracted with two different extraction methods in triplicate, the FastDNA Spin Kit (MP 
Biomedicals, Santa Ana California, USA) and the cetyltrimethylammoniumbromide 
(CTAB) method (Zhou et al., 1996). DNA was quantified with the Qubit Fluorometer 
(Thermo Fisher Scientific, Waltham, USA). DNA (1 ng) from both extraction 
methods was used for MiSeq library preparation. The genomic DNA was sheared 
and adapters were ligated in the same step. The Illumina Nextera® XT Library Prep 
Kit was used according to the manufacturer’s instructions (Illumina, San Diego, 
USA). The library was normalized to 4 nM and sequencing was performed with an 
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Illumina MiSeq (Illumina, San Diego, USA) using the 300 paired-end sequencing 
protocol. Quality-trimming, adapter removal and contaminant-filtering of paired-
end sequencing reads was performed using BBDUK (BBTOOLS version 37.17) 
(Bushnell, 2015). The Fast Spin DNA extraction kit and CTAB method yielded 10.8 
and 7.8 million trimmed reads >150 bp, respectively. Reads obtained from both DNA 
extractions were co-assembled with metaSPAdes v3.10.1 (Nurk et al., 2017) using 
default settings. MetaSPAdes iteratively assembled the metagenome using kmer 
sizes 21, 33, 55, 77, 99 and 127. Reads were mapped back to the metagenome for 
each extraction separately using Burrows-Wheeler Aligner 0.7.15 (Li and Durbin, 
2010) (BWA), employing the “mem” algorithm. The generated sequence mapping 
files were handled and converted as needed using SAMtools 2.1 (Li et al., 2009). 
Metagenome binning was performed employing five different binning algorithms: 
BinSanity v0.2.5.9 (Graham et al., 2017), COCACOLA (Lu et al., 2016), CONCOCT 
(Alneberg et al., 2014), MaxBin 2.0 2.2.3 (Wu et al., 2016) and MetaBAT 2 2.10.2 
(Kang et al., 2015). The five resulting bin sets were supplied to DAS Tool 1.0 (Sieber, 
2017) for consensus binning to obtain the final optimized bins. The quality of the 
consensus bins was assessed using CheckM 1.0.7 (Parks et al., 2015). 
From ~18 million trimmed, quality controlled metagenome reads, 93.9% were 
assembled into contigs, 82.8% mapped to contigs, and 78% mapped to binned 
contigs. Genes were called and annotated as previously described by (Wrighton et 
al., 2012) with a pipeline available online (https://github.com/TheWrightonLab/
metagenome_annotation). 
Briefly, genes were called with Prodigal (Hyatt et al., 2010) and annotated based on 
forward and reverse blast hits to amino acid sequences in UniRef90 (http://www.
uniprot.org/help/uniref) and KEGG (http://www.genome.jp/kegg/). Thresholds 
for reciprocal best blast matches were a minimum 300 bit score and, for one-
way blast matches, a minimum 60 bit score. Motifs were also analysed using 
InterproScan. Complete or partial 16S rRNA genes in bins were identified with 
SSU-Align (Nawrocki, 2009). The 16S rRNA gene of the novel Nitrospirae phylum 
bacterium was completed by two cycles of stringent mapping and elongation of 
the contigs obtained after assembly of all 16S rRNA gene reads extracted from 
the metagenome. The metagenome data are available at NCBI under accession 
number (PRJNA397647). For the biogeography, the complete 16S rRNA gene in the 
Nitrospirae bin was blasted on NCBI (https://www.ncbi.nlm.nih.gov/). The first 100 
best hits were further analysed for similarity, sample type and country of origin. For 
phylogenetic trees, sequences (nucleotide or amino acid, as indicated in each figure) 
were aligned with MUSCLE (Edgar, 2004). The biogeography 16S rRNA gene tree 
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was built on an alignment containing 1,651 positions using FastTree (Price et al., 
2010) with 100 bootstraps. For the concatenated ribosomal protein tree, 17 ribosomal 
proteins (L1, L2, L3, L4, L5, L6, L14, L15, L16, L19, L20, L24, S3, S8, S11, S13, 
and S19) were identified using hmmsearch (-E 0.00001) (Johnson et al., 2010) and 
independently aligned. Alignment columns with 95% gaps were stripped and then 
concatenated in Geneious v. 9.0.5 (Kearse et al., 2012), generating an alignment 
with 3,304 positions. This tree was built using RAxML v. 8.2.9 with 100 bootstraps 
under the LG model of evolution on a pipeline available online at https://github.com/
TheWrightonLab/Protpipeliner as previously described (Solden et al., 2017). Trees 
were visualized with iToL (Letunic and Bork, 2016). Reference sequences in these 
trees were retrieved from NCBI or SILVA (https://www.arb-silva.de/). Plots were 
made in R (Team, 2017), and all figures were edited in Adobe Illustrator version 
16.0.0 (Adobe Systems Inc., San Jose, USA). Average Amino Acid Identity (AAI) 
values were calculated using the Kostas lab tool available at http://enve-omics.
ce.gatech.edu/g-matrix/. 
Fluorescence in situ hybridization (FISH) 
Biomass samples were taken after 63 and 258 days and prepared as previously 
described (Russ et al., 2014). FISH was performed as described by Amann et al. 
(1990) using a hybridization buffer containing either 30% or 20% (v/v) formamide. 
Specifications and the details of the probes used in this study are provided in 
Supplementary Table 1. For image acquisition, a Zeiss Axioplan 2 epifluorescence 
microscope equipped with a CCD camera was used together with the Axiovision 
software package (Zeiss, Germany). Vectashield mounting fluid with DAPI 
(4,6-diamidino-2-phenylindole) was used on all samples to stain all DNA. 
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Supplementary materials
Supplementary Figure 1: Schematic overview of the contribution of individual microorganisms to elemental 
cycling in the bioreactor. Please see the main text for explanation and details.
Microbial interactions under nitrate-AOM conditions in an anoxic bioreactor
2
57
Su
pp
le
m
en
ta
ry
 F
ig
ur
e 
2:
 M
ax
im
um
 L
ik
el
ih
oo
d 
ph
yl
og
en
et
ic
 tr
ee
 u
si
ng
 1
7 
co
nc
at
en
at
ed
 r
ib
os
om
al
 p
ro
te
in
 s
eq
ue
nc
es
. T
he
 to
po
lo
gy
 w
as
 th
e 
sa
m
e 
as
 f
ou
nd
 in
 th
e 
16
S
 
rR
N
A
 g
en
e 
tre
e.
CHAPTER 2
58
Su
pp
le
m
en
ta
ry
 T
ab
le
 1
: O
ve
rv
ie
w
 o
f 
th
e 
F
IS
H
 p
ro
be
s 
us
ed
 to
 ta
rg
et
 s
pe
ci
fi
c 
m
ic
ro
bi
al
 g
ro
up
s
N
am
e 
Se
qu
en
ce
 (
5’
- 
3‘
) 
Sp
ec
ifi
ty
 
L
ab
el
R
ef
er
en
ce
Fo
rm
am
id
e
Eu
b3
38
 I-
II
I
B
et
42
a
G
am
42
a
B
et
th
io
10
01
A
m
x3
68
A
m
x8
20
D
-b
ac
t-1
93
D
-a
rc
h-
64
1
G
C
T
G
C
C
T
C
C
C
G
TA
G
G
A
G
T
G
C
C
T
T
C
C
C
A
C
T
T
C
G
T
T
T
G
C
C
T
T
C
C
C
A
C
A
T
C
G
T
T
T
C
T
TA
G
C
A
C
G
T
C
A
T
T
T
G
G
G
A
C
C
C
C
T
T
T
C
G
G
G
C
A
T
T
G
C
G
A
A
A
A
A
A
C
C
C
C
T
C
TA
C
T
TA
G
T
G
C
C
C
C
G
C
T
C
G
C
C
C
C
C
T
T
T
G
G
T
C
G
G
T
C
C
C
A
A
G
C
C
TA
C
C
A
G
T
M
os
t b
ac
te
ria
B
et
ap
ro
te
ob
ac
te
ria
G
am
m
ap
ro
te
ob
ac
te
ria
Th
io
ba
ci
llu
s s
p.
A
na
m
m
ox
 sp
.
C
a.
 K
. s
tu
tt
ga
rt
ie
ns
is
C
a.
 M
. o
xy
fe
ra
C
a.
 M
. n
itr
or
ed
uc
en
s
C
y5
C
y3
FL
U
O
S
FL
U
O
S
C
y3
C
y5
C
y3
FL
U
O
S
(D
ai
m
s e
t a
l.,
 1
99
9)
(M
an
z 
et
 a
l.,
 1
99
2)
(M
an
z 
et
 a
l.,
 1
99
2)
 
(H
aa
ij
er
 e
t a
l.,
 2
00
6)
(S
ch
m
id
 e
t a
l.,
 2
00
0)
(S
ch
m
id
 e
t a
l.,
 2
00
1)
 
(R
ag
ho
eb
ar
si
ng
 e
t a
l.,
 2
00
6)
(R
ag
ho
eb
ar
si
ng
 e
t a
l.,
 2
00
6)
30
-2
0 
%
30
%
30
%
30
%
20
%
20
%
35
%
35
%
Microbial interactions under nitrate-AOM conditions in an anoxic bioreactor
2
59
Supplementary Table 2: Comparison of genome bins obtained from the laboratory-scale bioreactor fed with 
ammonium, sulfide, nitrate and methane with previously published genome sequences identified by the locus 
identifier and gene annotation. MO, MN, A1, A3: respective genome bin; NODE: contig number; length: contig 
length; cov: contig coverage; last underscore followed by digit: gene number.
Enzyme     Gene          Locus identifier
Ca. Methylomirabilis sp.
Nitrate reductase narG
narH
narJ
narI
MO_NODE_133_length_85954_cov_104.672_0008
MO_NODE_133_length_85954_cov_104.672_0010
MO_NODE_133_length_85954_cov_104.672_0011
MO_NODE_133_length_85954_cov_104.672_0012
Periplasmic nitrate reductase napA
napB
MO_NODE_482_length_33997_cov_97.9171_0041
MO_NODE_482_length_33997_cov_97.9171_0040
Nitrite reductase nirS
nirJ
nirF
fused
nirD/G & nirH/L
MO_NODE_482_length_33997_cov_97.9171_0044
MO_NODE_482_length_33997_cov_97.9171_0043
MO_NODE_482_length_33997_cov_97.9171_0042
MO_NODE_482_length_33997_cov_97.9171_0039
Nitric oxide reductase norZ1
norZ2
norZ3
MO_NODE_51_length_155591_cov_105.671_0133
MO_NODE_773_length_22646_cov_85.0923_0009
MO_NODE_773_length_22646_cov_85.0923_0011
Nitrous oxide reductase nosL MO_NODE_51_length_155591_cov_105.671_0084
Methane monooxygenase pmoA1
pmoB1 pmoC1
MO_NODE_773_length_22646_cov_85.0923_0001
MO_NODE_773_length_22646_cov_85.0923_0002
MO_NODE_374_length_40993_cov_102.336_0036
Ca. Methanoperedens sp.
Nitrate reductase narG
narH
narJ
Orf7
HCO II 
NapH
HCO II
MN_NODE_72_length_129713_cov_13.8014_0041
MN_NODE_72_length_129713_cov_13.8014_0042
MN_NODE_72_length_129713_cov_13.8014_0043
MN_NODE_72_length_129713_cov_13.8014_0044
MN_NODE_72_length_129713_cov_13.8014_0045
MN_NODE_72_length_129713_cov_13.8014_0046
MN_NODE_72_length_129713_cov_13.8014_0047
Methyl coenzyme-M 
reductase 
mcrA
mcrB
mcrG
mcrC
MN_NODE_418_length_38049_cov_8.11492_0024
MN_NODE_418_length_38049_cov_8.11492_0021
MN_NODE_418_length_38049_cov_8.11492_0023
MN_NODE_418_length_38049_cov_8.11492_0022
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Methenyl-H4MPT 
cyclohydrolase
Methylene-H4MPT reductase
Methylene H4MPT 
dehydrogenase
H4MPT S-methyltransferase
Tungsten formyl-MFR 
dehydrogenase
Molybdenum formyl-MFR 
dehydrogenase
Formyl-MFR H4MPT 
transferase
mch_1
mch_2
mer
mtd
mtrH
mtrG
mtrF
mtrA
mtrA
mtrB
mtrC
mtrD
mtrE
fwdD
fwdB
fwdG
fmdA
fmdB
fmdD
fmdE1
fmdE2
fmdC
ftr
MN_NODE_212_length_61779_cov_8.43783_0016
MN_NODE_2486_length_8343_cov_8.54272_0009
MN_NODE_95_length_110750_cov_8.29821_0019
MN_NODE_503_length_33150_cov_8.59089_0023
MN_NODE_477_length_34189_cov_8.53931_0038
MN_NODE_477_length_34189_cov_8.53931_0037
MN_NODE_477_length_34189_cov_8.53931_0036
MN_NODE_477_length_34189_cov_8.53931_0035
MN_NODE_72_length_129713_cov_13.8014_0097
MN_NODE_477_length_34189_cov_8.53931_0034
MN_NODE_477_length_34189_cov_8.53931_0033
MN_NODE_477_length_34189_cov_8.53931_0032
MN_NODE_477_length_34189_cov_8.53931_0031
MN_NODE_359_length_43084_cov_7.70445_0019
MN_NODE_359_length_43084_cov_7.70445_0020
MN_NODE_359_length_43084_cov_7.70445_0021
MN_NODE_418_length_38049_cov_8.11492_0008
MN_NODE_418_length_38049_cov_8.11492_0007
MN_NODE_418_length_38049_cov_8.11492_0006
MN_NODE_72_length_129713_cov_13.8014_0052
MN_NODE_142_length_83068_cov_8.62489_0036
MN_NODE_418_length_38049_cov_8.11492_0009
MN_NODE_1682_length_11726_cov_7.04552_0005
Ca. Scalindua brodae
Hydrazine synthase
Hydrazine hydrolase
Nitrite oxidoreductase
Nitrite reductase
Nitrite extrusion protein
Nitrite transporter
hzsA
hzsBC
hdh
nxrA
nxrB
nxrC
nirS
nark
focA
A1_NODE_833_length_21377_cov_15.3185_0015
A1_NODE_833_length_21377_cov_15.3185_0016
A1_NODE_304_length_47790_cov_14.7889_0044
A1_NODE_12_length_270402_cov_12.653_0038
A1_NODE_12_length_270402_cov_12.653_0042
A1_NODE_12_length_270402_cov_12.653_0043
A1_NODE_65_length_139106_cov_13.2364_0030
A1_NODE_294_length_48537_cov_12.4514_0007
A1_NODE_39_length_167139_cov_14.0435_0144
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Ca. Kuenenia stuttgartiensis
Hydrazine synthase
Nitrite reductase
Nitrate reductase
Nitrite extrusion protein   
Nitrite transporter
hzsA
hzsBC
nirS
narG
narH
narK
focA
focA
focA
Not binned
Not binned
A3_NODE_3664_length_6029_cov_4.94815_0001
A3_NODE_608_length_28001_cov_5.34649_0015
A3_NODE_608_length_28001_cov_5.34649_0012
A3_NODE_1151_length_16256_cov_5.4748_0012
A3_NODE_282_length_49931_cov_5.83449_0007
A3_NODE_282_length_49931_cov_5.83449_0006
A3_NODE_1534_length_12554_cov_6.4001_0001
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Abstract
Denitrification and Dissimilatory nitrate reduction to ammonium (DNRA) are 
two microbial processes that compete for oxidized nitrogen compounds in the 
environment. The goal of this study was investigate feasibility of anammox microbial 
population that might be sustained through the combined activity of DNRA and 
partial denitrification coupled to sulfide and methane oxidation in an enrichment 
culture mimicking estuarine or brackish conditions under ammonium limitation. 
Potential candidates for performing DNRA were anaerobic nitrate-reducing 
methanotroph Candidatus Methanoperedens nitroreducens and a novel Nitrospirae 
bacterium, Candidatus Nitrobium versatile. In order to facilitate DNRA we provided 
high electron donor (CH4 and sulfide) to nitrogen (NO3
-) ratios to the bioreactor. 
The composition of the microbial community as well as their substrate turnover 
was monitored over a period of 10 weeks with physiological assays, fluorescence 
in situ hybridization imaging and meta-transcriptome sequencing. A cross feeding 
of nitrite and competition for nitrate and methane between autotrophic sulfide 
denitrifiers, nitrate and nitrite dependent methane methanotrophs was observed. 
The gene expression of nrfAH from Ca. M. nitroreducens significantly increased 
from T1 (t1= week 1) to T10 (t10 = week 10). However, the ammonium production 
by Ca. M. nitroreducens alone did not appear to be sufficient to sustain anammox 
population and therefore anammox sp. were outcompeted and disappeared from 
the enrichment culture. As a consequence, the nitrite-reducing methane oxidizing 
bacteria Ca. Mehtylomirabilis oxyfera became the most abundant member of the 
microbial community. The previously enriched most abundant member of the 
microbial community, Ca. N. versatile disappeared from the enrichment culture.
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Introduction
Estuaries are transition zones between river and marine environments. The rivers 
transport nitrogen compounds from agricultural runoff into these deltas. Beside 
nitrogenous waste, estuaries also receive sulfidic compounds along with methane 
from marine sediments due to tidal currents. Hence, the resulting brackish oxygen-
limiting ecosystems provide an excellent niche for a diverse microbial population 
involved in nitrogen, carbon and sulfur cycling. These biogeochemical cycles are 
dependent on each other, particularly through the activity of microorganisms that 
use metabolites of different cycles. Driven by the prevailing conditions, estuarine 
sediments may be either nitrogen sources or nitrogen sinks (Bu et al., 2017). 
Denitrification, dissimilatory nitrate reduction to ammonium (DNRA) and anaerobic 
ammonium oxidation (anammox) are key processes of nitrate reduction that occur 
in the absence of oxygen or at very low oxygen concentrations (Tiedje et al., 1982; 
Kraft et al., 2014). Denitrification and anammox are the main processes for nitrogen-
loss in brackish environments and up to 50 % of inorganic nitrogen is removed 
solely through denitrification (Nedwell et al., 1999). For a long time denitrification 
has been considered the dominant nitrate reduction process in estuarine and other 
marine environment. Denitrification and anammox are both well studied and deeply 
understood processes of the nitrogen cycle (Jetten et al., 2001; Kraft et al., 2011; 
Kartal et al., 2013; Isobe and Ohte, 2014; Russ et al., 2014). In comparison to the 
aforementioned microbial processes DNRA has received little attention and only 
recently, studies performed with stable isotope labelling of N substrates have 
established that DNRA might also be a significant contributor towards nitrate 
reduction (Burgin and Hamilton, 2007; Kraft et al., 2011; Rütting et al., 2011; Brin 
et al., 2015). 
Denitrification and DNRA both compete for nitrate as electron acceptor. Denitrification 
is responsible for nitrogen removal from the ecosystems while DNRA converts nitrate 
to ammonium via nitrite and conserves nitrogen instead. Denitrification consists of a 
five electron reduction of nitrate to N2 involving nitrite, nitric oxide, nitrous oxide as 
intermediates (Kraft et al., 2011). DNRA consists of eight electron reduction of nitrate 
to ammonium: the first step is nitrate reduction to nitrite, similar to denitrification, 
which is catalysed by periplasmic (Nap) or membrane bound (Nar) nitrate reductases. 
Following the nitrate reduction, nitrite is reduced to ammonium through pentaheme 
cyctochrome c nitrite reductase (NrfA). Nitrate utilization as electron acceptor either 
by denitrification or DNRA is influenced by several environmental and physiological 
factors that include, C/N ratio, pH, nitrite versus nitrate concentrations, availability 
CHAPTER 3
80
of fermentable carbon compounds, temperature and sulfide concentrations (Tiedje et 
al., 1983; Akunna et al., 1993; Ogilvie, 1997; Tobin O Strohm et al., 2007; Tugtas 
and Pavlostathis, 2007; Dong et al., 2011; Schmidt et al., 2011; Behrendt et al., 
2013). However, which environmental factors are most important, and under which 
conditions, remains unclear. Nevertheless, DNRA is one of the main processes that 
conserve nitrogen in form of ammonium in brackish, estuarine environments (Dong 
et al., 2009; Papaspyrou et al., 2014; Bu et al., 2017). In recent years it has been 
reported that in marine environments, the conserved nitrogen from DNRA can be 
removed due to anammox activity thus, anammox coupled to DNRA might be an 
important nexus of nitrogen removal in marine ecosystems (Jensen, Lam, Revsbech, 
Nagel, Gaye, Mike Sm Jetten, et al., 2011). Other studies focusing on DNRA in 
estuarine ecosystems have revealed that temperature, availability of organic matter 
and limiting nitrate concentrations have a positive impact on DNRA (Tomaszek and 
Gruca-Rokosz, 2007; Bernard et al., 2015; Lisa et al., 2015; Robertson et al., 2016). 
Furthermore, availability of nitrate instead of nitrite as terminal electron acceptor 
and elevated sulfide concentrations are also known to favour ammonification over 
denitrification (Joye and Hollibaugh, 1995; Bru et al., 2011). Regardless of several 
pure culture studies, which investigated the physiology and bioenergetics of DNRA 
process, the quantitative scope of DNRA in engineered and natural environments 
and its relative contribution to the global nitrogen cycle have received little attention. 
The quantification of DNRA is particularly challenging since many fermentative, 
sulfur and anammox bacteria can be disguised as DNRA microorganisms (Tiedje 
et al., 1983; Kartal et al., 2007). Therefore, investigating the prevalence of DNRA 
in a complex microbial system that involves nitrogen, sulfur and methane cycling 
microorganisms would be relevant to understand natural ecosystems where nitrate 
reduction is a dominant microbial process. In such anoxic environments additional 
nitrogen removal could take place through anammox that might be sustained by the 
combined activity of DNRA and partial denitrification coupled to sulfide and methane 
oxidation, rather than by direct ammonium (and nitrite) input into the ecosystem.
To test this hypothesis, we enriched a denitrifying, methane and sulfide-oxidizing 
microbial community in a laboratory scale anoxic bioreactor that mimicked estuarine 
or brackish growth conditions (Arshad et al., 2017). At the start of the experiment, 
the bioreactor contained anaerobic methanotrophs, sulfide-dependent denitrifiers 
and anammox bacteria. Subsequently, ammonium was removed from the feed of 
the bioreactor so that anammox bacteria would have to rely on DNRA by other 
microorganisms to supply sufficient ammonium. Potential candidates for this reaction 
were the highly enriched anaerobic nitrate-reducing methanotroph Candidatus 
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Methanoperedens nitroreducens which encodes an NrfAH nitrite ammonium 
oxidoreductase and presumably reduces a significant amount its substrate nitrate to 
ammonium and a novel Nitrospirae bacterium, Candidatus Nitrobium versatile. This 
bacterium encoded genes for metabolizing sulfur and nitrogen compounds in addition 
to genes encoding the full set of enzymes required for DNRA. In order to facilitate 
DNRA we provided high electron donor (CH4 and sulfide) to nitrogen (NO3
-) ratios 
(Kraft et al., 2011; van den Berg et al., 2015) to the bioreactor. The composition of 
the microbial community as well as their substrate turnover was monitored over 
a period of 10 weeks with physiological assays, fluorescence in situ hybridization 
imaging and meta-transcriptome sequencing. We observed a cross feeding of nitrite 
and competition for nitrate and methane between autotrophic sulfide denitrifiers, 
nitrate and nitrite dependent methane methanotrophs. The previously enriched most 
abundant member of the microbial community, Ca. N. versatile (Arshad et al., 2017) 
disappeared over the course of these 10 weeks. Additionally, ammonium production 
by Ca. M. nitroreducens alone did not appear to be sufficient to sustain anammox 
population and therefore anammox sp. were outcompeted and disappeared from 
the enrichment culture. As a consequence, the nitrite-reducing methane oxidizing 
bacteria Ca. Mehtylomirabilis oxyfera became the most abundant member of the 
microbial community. 
Experimental procedures
Bioreactor operation 
A double-jacket glass 2.5 L bioreactor with a working volume of 1.5 L (Applikon, 
Delft, The Netherlands) was used for cultivation of the enrichment culture. The 
inoculum consisted of biomass from a marine enrichment culture containing sulfide-
dependent autotrophic denitrifiers and anammox bacteria (Russ et al., 2014) and 
biomass from a freshwater methane-oxidizing denitrification culture (Ettwig et 
al., 2016b). The reactor was operated at 150 r.p.m with a stirrer that contained two 
standard six-blade turbines. The flow of methane gas to the reactor was kept at 
7.5 ml min-1 using a mass flow controller (Brooks Instrument, Ede, The Netherlands). 
The bioreactor was operated at room temperature and was constantly flushed 
with Ar/CO2 (95:5) to ensure anoxic conditions. The pH of the reactor liquid was 
monitored with a pH electrode (Applisens, Applikon, Delft, The Netherlands) and 
was maintained at 7.1 with 100 g L-1 KHCO3 solution. The pH pump was controlled 
by an ADI 1010 bio-controller (Applikon, Delft, The Netherlands). The mineral 
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medium per liter contained 10 g coral pro salt (Red Sea), 15 mM NaNO3, 0.6 ml 
anammox specific trace element solution (van de Graaf et al., 1996) (15 g/L EDTA, 
0.43 g/L ZnSO4 x7H2O, 0.24 g/L CoCl2x6H2O, 0.99 g/L MnCl2x4H2O, 0.25 g/L 
CuSO4x5H2O, 0.22 g/L Na2MoO4x2H2O, 0.2 g/L NiCl2x6H2O, 0.067 g/L SeO2, 
0.014 g/L H3BO3, 0.05 g/L Na2WO4x2H2O), 0.6 mL FeSO4, 0.5 mL 100 g K2HPO4, 
1.25 mL (288 mg/L) MgSO4, 1.25 mL (192 mg/l) CaCl2, and 1 mL trace element 
solution for DAMO microorganisms (0.5 g/L ZnSO4x7H2O, 0.12 g/L CoCl2x6H2O, 
2 g/L CuSO4, 0.2 g/L NiCl2x6H2O, 0.014 g/L H3BO3, 0.3 g/L MnCl2x4H2O, 0.04 g/L 
Na2WO4x2H2O, 0.2 g/L Na2MoO4x2H2O, 0.02 g/L SeO2, 0.8 g/L CeCl2). The 6.7 
mM sulfide solution was provided as separate anaerobic medium with a flow rate 
100 mL day-1. The nitrate and nitrite concentrations in the bioreactor were measured 
daily with MQuant™ colorimetric test strips (Merck, Darmstadt, Germany). 
Fluorescence in situ hybridization (FISH) 
Biomass samples were routinely prepared as previously described (Russ et al., 2014). 
FISH was performed as described by Amann et al. (1990) using a hybridization buffer 
containing either 30% or 20% (v/v) formamide. Specifications and the details of the 
probes used in this study are provided in Table 1. For image acquisition, a Zeiss Axioplan 
2 epifluorescence microscope equipped with a CCD camera was used together with 
the Axiovision software package (Zeiss, Germany). Vectashield mounting fluid with 
DAPI (4,6-diamidino-2-phenylindole) was used on all samples to stain all DNA.
Nitrate, nitrite and ammonium analysis
To determine nitrite (NO2
-), nitrate (NO3
-) and ammonium (NH4
+) concentrations in 
the bioreactor, 2 ml liquid sample was centrifuged and the supernatant stored at -20ºC. 
The nitrite concentration was measured by mixing 70 µl sample with 70 µl of reagent 
A (1% w/v sulfanilic acid in 1M HCl; kept in dark) with 70 µl of reagent B (0.1 % 
w/v naphtylethylene diaminedihydrochloride (NED) in water; kept at 4ºC in dark) in 
a 96 well plate. After incubation at room temperature for 15 min, the absorbance was 
measured at 540 nm. Similarly,  ammonium was measured at 420 nm through a 96 
well fluorescence spectrophotometer after reaction with 10% ortho-phthaldialdehyde, 
as described previously (Taylor et al., 1974). Nitrate was measured in combination 
with the nitrite determination assay. Once the nitrite measurements were taken, 27 
µl vanadium chloride was added to the same samples to reduce nitrate to nitrite. The 
absorbance was measured a second time for the combined nitrate + nitrite signal. To 
distinguish nitrate concentration, initial nitrite values were subtracted from the final 
concentration. All sample measurements were carried out in triplicates. 
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RNA isolation and metatranscriptome sequencing
The first biomass sample for RNA isolation and subsequent transcriptome sequencing 
was collected at the time when the bioreactor started receiving medium without 
ammonium (T 0), while the second sample was collected after 10 weeks of stable 
operation. The medium composition remained constant during this period. The T0 
sample was collected from the reactor, centrifuged at 10,000 r.p.m for 5 min at 4ºC to 
remove the supernatant, and instantly flash frozen in liquid nitrogen. Additionally, a 
second T0 sample was treated with RNA later® solution (Ambion, Life Technologies, 
Carlsbad, CA USA). After collection of the 70 Day sample, total RNA was extracted 
from all biomass pellets using the RiboPure™-Bacteria kit (Thermofisher, Waltham, 
USA) according to the manufacturer’s protocol. Briefly, cells were disrupted by cold 
zirconia beads and after centrifugation, 0.2 volumes of chloroform was added to 
the supernatant for initial RNA purification. Next, 0.5 volumes of 100 % ethanol 
was added to the aqueous phase obtained after chloroform addition and the whole 
sample was transferred to a filter cartridge. After washing, the RNA was eluted from 
the filter cartridge. Following RNA extraction, residual genomic DNA was removed 
using a DNase I treatment, provided with the RNA extraction kit. Total RNA 
quality and quantity was subsequently checked with the Bioanalyzer 2100 (Agilent, 
Santa Clara, CA USA) to ensure only high-quality RNA was used for downstream 
analysis. Next, the MICROBexpress™ Kit (Thermofisher, Waltham, USA) was used 
to remove ribosomal RNAs from the total RNA. Additionally, 5S and 23S rRNAs 
were removed through MEGAclear™ kit (Ambion, Life Technologie, Carlsbad, 
CA USA). Eventually, the RNA samples (0.1 – 4 µg) were used to construct strand 
specific RNA-Seq libraries. Non-rRNA in RNA-Seq libraries were enriched by 
selective priming during the first strand cDNA synthesis reaction, as well as in the 
final library construction steps using TruSeq Stranded mRNA sample preparation 
guide (Illumina proprietary catalog RS-122-9004DOC). RNA from both samples 
was sequenced on the Illumina MiSeq platform (Illumina, CA, USA) to generate 150 
bp paired-end reads. 
Metatranscriptome analysis
Raw paired-end reads from the MiSeq platform were initially filtered based on a 
minimum quality score of 30, and a minimum sequence length of 150 bp. Next, 
rRNA sequences were filtered from the metatranscriptomic dataset using ribosomal 
reads as reference from recently published metagenome data (NCBI: PRJNA397647) 
along with 16S and 23S ribosomal genes acquired from the SILVA database. The 
ribosomal filtering was performed through mapping of metatranscriptomic reads 
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against aforementioned reference data sets on the CLC genomics workbench (v8.5.1, 
CLCbio, Aarhus, Denmark). Resulting non-rRNA reads were mapped to coding 
sequences of eight metagenome bins previously recovered from the enrichment 
culture (PRJNA397647; Arshad et al., 2017). These mappings were performed on 
the RNA-seq analysis tool from the CLC Genomics workbench (v8.5.1, CLCbio, 
Aarhus, Denmark), applying 0.5 length fraction and 0.8 similarity fraction parameters. 
The gene expression values were expressed as RPKM (Reads per kilo base of exon 
model per million mapped reads) (Mortazavi et al., 2008). 
Results
Enrichment culture and meta-transcriptome sequencing 
An enrichment culture consisting of chemolithoautotrophic microorganisms 
involved in nitrogen, carbon and sulfur cycles was maintained in a laboratory scale 
anoxic bioreactor for 10 weeks. Previously, the metagenome sequencing, assembly 
and binning of the aforementioned culture yielded 50 bins, including eight high 
quality bins to which over 50% of all sequencing data mapped (Chapter 2). The 
metagenome data belonging to these eight bins were used as a reference data set for 
the meta-transcriptome analysis performed during this study. In order to resemble 
the microbial interactions present in a natural ammonium-limited environment, 
the enrichment culture was gradually adapted by lowering the ammonium supply 
in the medium without altering any other parameter. RNA was isolated from the 
biomass sample at t = 0 (no ammonium present), and from t = 10 after 10 weeks 
of ammonium-limitation. A total of six RNA samples (triplicate from each time 
point) were sequenced on the Illumina Miseq sequencing platform. The sequencing 
of whole community RNA extracted from all six samples generated a total of 
41,251,327 reads, out of which 30,740,546 reads passed the quality filtering criteria. 
To acquire 150 bp long paired-end reads, the sequencing was successfully continued 
for 150 cycles; a large proportion of the reads (80%) revealed a high quality score 
(Q score > 35; Supplementary Figure. S1). Initially, to filter out the mRNA reads, 
a reference data-set was created which consisted of ribosomal and tRNAs from the 
previously obtained eight metagenome bins (Supplementary Table S1) and 16S and 
23S ribosomal RNA sequences from the Silva database. 
The sequencing reads were first mapped to the rRNA and all tRNA genes, the 
mapped reads were saved for separate analysis on diversity (not reported in this 
study). A quantitative overview of the RNA reads mapping is provided in Table 2. 
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The remaining reads were mapped to the CDS extracted from the eight meta-genome 
bins (Supplementary Table S1). 
Table 2: Overview of reads mapped against the rRNA and tRNA reference data-set 
 T0_S1 T0_S2 T0_S3 T10_S1 T10_S2 T10_S3
Raw reads 4,186,143 4,953,802 5,042,474 4,912,431 4,286,661 5,688,709
Mapped rRNA/tRNA reference 3,713,111 4,484,315 4,572,347 4,546,622 3,849,226 5,098,044
Non-rRNA/tRNA reads 472,998 469,465 470,098 365,809 437,435 590,665
Mapped to CDS of 8 bins 216,255 231,206 256,747 132,819 131,747 267,724
According to the mapping results, about 10% of the sequences from each sample 
could be mapped to mRNA encoding genes. The manual removal of 16S, 23S and 
5S rRNA through rRNA removing kits did not succeed since majority (about 90%) 
of the sequenced reads belonged to the ribosomal RNAs. On average 49.1% reads 
from sample T0 mapped to CDS sequences of 8 reference bins while, the proportion 
of reads mapped further decreased to 37.1% in T10 sample (Table 2). Therefore, 
the reference dataset was further expanded to include complete meta-genome data 
(binned and unbinned; (Arshad et al., 2017) and a new mapping was performed. The 
mRNA mapping results did not improve (data not shown) and still about 50% of the 
non-rRNA/tRNA reads remained un-mapped. The failure to map all mRNA reads 
suggests possible enrichment of new community members, or incomplete removal 
of rRNA reads. Additionally, de novo assemblies and subsequent BLAST inquiries 
of un-mapped reads did not yield valuable information about their origin and might 
represent the noise caused by all minority community members. The further analysis 
included investigation of microbial community abundance and gene expression of 
the mapped reads.
Microbial community abundance 
We obtained the reads per kilobase per million mapped reads (RPKM) values 
for transcripts that mapped to CDS sequences and these values were used as a 
representation for relative gene expression. More specifically, the quantity of reads 
mapped against each genome bin corresponded quite well to the abundance of each 
microbial member in the enrichment culture. The overview of CDS reads from T0 
and T10 samples mapped against reference genomes is presented in Figure 1. The 
transcriptome based microbial community analysis of sample T0 revealed that key 
microorganisms identified previously (Chapter 2: Arshad et al., 2017) also covered 
the majority population in Figure 1A. A comprehensive quantitative summary of 
the CDS mapping of the T0 sample is provided in Supplementary Table S2. The 
transcripts of the nitrate-reducing methane-oxidizing anaerobic methanotrophic 
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archaeon Ca. M. nitroreducens constituted on average 61.5% of the total mapped 
sequences suggesting it to be the most abundant member of the microbial community. 
Furthermore, 26% and 6.6% reads mapped to the two methanotrophic Ca. M. oxyfera-
like species present in the community. The recently enriched metabolically versatile 
Ca. Nitrobium versatile was the third highest expressed bin of the enrichment 
culture. Surprisingly, Ca. N. versatile was less abundant on transcript level (only 
6%) compared to the 26% calculated from the metagenome (Arshad et al., 2017). 
This low abundance might have resulted from the RNA extraction bias and less 
by alteration in the growth conditions, as sulfide and nitrate concentrations in the 
medium were kept unchanged. Interestingly, anammox species related reads (about 
2%) were also present (Supplementary Table S 2). The detection of Ca. Kuenenia 
stuttgartiensis suggested that anammox bacteria were still present and active during 
the initial stages of bioreactor operation under amended medium. Lastly, less than 
1% reads from sample T0 and T10 each mapped to the proposed sulfide-oxidizing 
Sulfuricella denitrificans. Similarly, less than 1% reads from each sample mapped 
to the Gammaproteobacterial bin belonging to microorganisms of the family 
Xanthomonadaceae, possibly another  nitrate reducing or sulfur oxidizing member 
of the enrichment culture since the genome encoded an incomplete denitrification 
pathway to N2O (narGHI, nirKS and norBC) and sulfide-quinone oxidoreductase 
(Sqr) and two rhodanese-related sulfur transferases (Chapter 2: Arshad et al., 2017). 
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Figure 1: Microbial community expression levels based on functional gene mapping. A: mRNA reads of sample 
T0 mapped to reference metagenome bins B: mRNA read mapping of sample T10 after 10 weeks to reference 
metagenome bins
The mapping results of the T10 samples are presented in Figure. 1B. similarly, the actual 
quantities of reads mapped to each genome bin are presented in Supplementary Table S3. 
Overall mRNA mapping of sample T10 showed a similar trend as that observed in the 
T0 sample, with the denitrifying methanotrophic microorganisms, Ca. M. nitroreducens 
and Ca. M. oxyfera as the members of the enrichment with the highest expression levels. 
The anammox species completely disappeared in the T10 sample, which suggests that 
they experience severe ammonium-limitation and the surplus of nitrite was available 
for the nitrite-reducing methanotroph Ca. M. oxyfera hence, the total Ca. M. oxyfera 
abundance increased from 30% to almost 50% in the T10 sequencing run. Consequently, 
we performed an in depth survey of functional gene expression linked to microbial 
activities to establish the relative activity of each microbial member. 
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Microbial activity and gene expression 
To examine the functional potential of microbial community in the bioreactor the 
mRNA transcripts from both sequencing runs were mapped against all ORFs from 
meta-genome bins presented in Supplementary Table S1. As expected, genes involved 
in methane metabolism from denitrifying- methanotrophic consortia were among 
the highest genes expressed.  Most notably, metabat2.9_01821, metabat2.9_01818, 
metabat2.9_01820, metabat2.9_01819 annotated as methyl-coenzyme M reductase 
(MCR) subunit alpha, beta, gamma and delta encoded in Ca. M. nitroreducens 
genome was most highly transcribed gene cluster (Table 3). Similarly, the particulate 
methane monooxygenase (pMMO) encoding gene cluster from the two nitrite-
reducing methane oxidizing Ca. M. oxyfera species was also highly expressed. The 
abundant expression of genes involved in the methane metabolism is consistent with 
the high methane utilization by the enrichment culture observed previously (Arshad 
et al., 2017). Moreover, expression of pMMO (Ca. M. oxyfera_2) in sample T10 
was elevated which, corresponded with the overall increased abundance of Ca. M. 
oxyfera_2 in the enrichment culture. In addition, expression of the nitrate reductase 
encoded in Ca. M. nitroreducens remained un-altered throughout both sequencing 
runs. MCR and nitrate reductase both are essential central metabolic proteins of 
nitrate-reduction coupled to anaerobic methane oxidation (Arshad, Speth, De Graaf, 
et al., 2015). Besides methane, sulfide was the other electron donor provided to the 
enrichment culture, with nitrate was the sole electron acceptor. Therefore, sulfide- 
or methane-oxidizing microorganisms would compete for nitrate. Sulfide-quinone 
reductase (Sqr) and dissimilatory sulfite reductase (Dsr) are two enzymes, which 
have been shown to oxidize sulfide. Based on the metagenome analysis we predicted 
that a Sulfuricella denitrificans species containing both Dsr and Sqr enzymes was the 
primary autotrophic-sulfide dependent denitrifier member of the enrichment culture 
(Arshad et al., 2017). However, in the transcriptome data none of the aforementioned 
genes of this bacterium were expressed. Additionally, no expression of denitrifying 
enzymes from the suggested autotrophic sulfide oxidizing denitrifiers was observed.
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Table 3:  The transcriptome profiles of the genes involved in the methane, nitrate and sulfide metabolism retrieved 
through mapping with reference metagenome bins
Enzyme Gene 
name 
Locus identifier Expression level (RPKM)
T0                             T10
Particulate methane 
monooxygenase 
pmoA
pmoB
pmoA
pmoB
M.oxyfera1.maxbin2.002_02854
M.oxyfera1.maxbin2.002_02853
M.oxyfera2.metabat2.42_02564
M.oxyfera2.metabat2.42_02563
1542 ± 264
1206 ± 178
344 ± 105
479 ± 80
677 ± 318
837 ± 240
750 ± 342
934 ± 460
Methyl coenzyme-M 
reductase
Nitrate reductase
Nitrate reductase
mcrA
mcrB
mcrG
mcrC
narG
narH
narJ
Orf7
narG
narH
M.nitroreducens.metabat2.9_01821
M.nitroreducens.metabat2.9_01818
M.nitroreducens.metabat2.9_01820
M.nitroreducens.metabat2.9_01819
M.nitroreducens.metabat2.9_00103
M.nitroreducens.metabat2.9_00102
M.nitroreducens.metabat2.9_00101
M.nitroreducens.metabat2.9_00100
Flavobacteriales.maxbin2.010_00677
Flavobacteriales.maxbin2.010_00676
37668 ± 2547
40312 ± 2323 
43860 ± 3822
36659 ± 3399
52 ± 1
25 ± 8
53 ± 14
36 ± 3
19 ± 1
27 ± 0.7
38061 ± 7629
36377 ± 13297
41783 ± 15635
33038 ± 13894
49 ± 5 
36 ± 2
41 ± 0.7
35 ± 6  
13 ± 4
20 ± 3
Sulfide-quinone reductase
Dissimilatory sulfite 
reductase
sqr
dsrA1
dsrB1
dsrA2
dsrB2
Xanthomonadales.concoct.4_02106
N.versatile.bin_18_00730
N.versatile.bin_18_00731
N.versatile.bin_18_03727
N.versatile.bin_18_03728
56 ± 17
54 ± 1
61 ± 24
19 ± 7
13 ± 0.4
60 ± 13 
No expression
No expression
No expression
No expression
We identified one Sqr protein that belonged to microbes of the Gammaproteobacterial 
family Xanthomondaceae (Table 3). The low transcription levels of this gene were 
similar in both samples. However, no denitrifying genes from these microorganisms 
showed expression. Although, the only Sqr protein clearly belonged to metagenome 
bin of Xanthomonadaceae, the proportion of total mRNA reads mapped to this bin 
was less than 1% (Figure. 1) hence, making it one of the least abundant members 
of the enrichment population. The genome of the newly discovered Ca. Nitrobium 
versatile encodes two copies of dsrAB genes, both copies appeared to be expressed 
in the sequencing data obtained from sample T0 (Table 3). However, read abundance 
of this bacterium decreased from 6% to 0.1% at T10. Consequently, beside the 
aforementioned Sqr from a Xanthomonadaceae family member we could not identify 
any other Sqr or Dsr proteins having a significant transcriptional value. Furthermore, 
we investigated prevalence of anammox species within both sequenced samples. 
During the earliest stage of ammonium depletion, genes involved in anammox 
metabolism were still abundantly expressed most notably, the hydrazine synthase 
subunits A, C, and B (unbinned_contig_09437, unbinned_contig_09436, and 
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unbinned_contig_09435, respectively). Although these proteins were wrongly 
annotated, we identified them through Blast analysis and compared their expression 
to the sample T10 (Figure. 2A). The expression of all three hydrazine synthase 
subunits significantly decreased over the period of 10 weeks of ammonium limitation. 
Furthermore, hydroxylamine oxidoreductases (hao) were also among the highest 
expressed anammox genes in sample T0 and showed a trend of expression similar 
to hydrazine synthase. Neither nirK nor nirS from anammox sp. could be identified. 
However, a monoheme cytochrome c protein (NirC), which is an integral part of nitrite 
reduction operon in Ca. Kuenenia stuttgartiensis was expressed (metabat2.29_00068 
RPKM: 280) in the T0 sample while its expression was diminished in the T10 
sample. In the enrichment culture, nitrite could only become available through 
nitrate reduction which its production was either coupled to methane oxidation or 
sulfide oxidation. Thus, nitrite reducing bacteria, Ca. K. stuttgartiensis and Ca. M. 
oxyfera each would compete for nitrite. However, after anammox sp. diminished 
from the enrichment culture more nitrite would be available for Ca. M. oxyfera sp. 
Figure 2: Expression levels of key nitrogen metabolising genes from Ca. M. oxyfera, Ca. K. stuttgartiensis and 
Ca. M. nitroreducens. A: expression of hydrazine synthase at Day 1 (T0) and after 10 weeks (T10) from Ca. K. 
stuttgartiensis. B:  expression of nitrite reductase from both metagenome bins of Ca. M. oxyfera. C: Expression of 
NrfA and NrfH from Ca. M. nitroreducens from both RNA sequenced samples.
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This observation was supported by significantly elevated nirS expression (Figure. 
2B) of Ca. M. oxyfera_2 in sample T10. It was hypothesized that in the bioreactor, 
ammonium for anammox bacteria would be produced through DNRA since, the Ca. 
N. versatile and Ca. M. nitroreducens genomes encoded nrfAH, genes responsible 
of dissimilatory nitrite reduction to ammonium (DNRA). According to meta-
transcriptome analysis, the nrfAH operon of Ca. M. nitroreducens showed expression 
(Figure. 2C), while for Ca. N. versatile no expression was observed. Interestingly, 
expression levels of the NrfA and NrfH subunits were higher in sample T10 
confirming the potential DNRA activity of Ca. M. nitroreducens (Arshad, Speth, de 
Graaf, et al., 2015; Ettwig et al., 2016b).
Substrate consumption and Fluorescence in situ hybridization 
The bioreactor received same the quantities of nitrate, methane and sulfide 
as described in Chapter 2. A comprehensive investigation of daily substrate 
consumption was carried out in the aforementioned study that showed, sulfide 
being completely consumed with a nitrate consumption rate of 2.6 mmol per day. 
The residual nitrate concentrations were determined and fluctuated around 4 mM 
while, no nitrite could be measured in the bioreactor Chapter 2 (Arshad et al., 2017)
Similarly, during this study nitrogenous substrate consumption was measured as 
well, we monitored concentration of nitrate, nitrite and ammonium in the bioreactor 
for a period of 12 days prior to T10 sample collection. Nitrate determination revealed 
residual concentrations of 3 mM (Figure. 3A) while, ammonium, nitrite and sulfide 
concentrations remained below detection limit. The overall nitrate and nitrite 
concentrations appeared consistent to the previously observed concentrations. 
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Figure 3: Nitrate concentration and FISH micrographs of the bioreactor. A: Nitrate concentration in the bioreactor 
over a 12 day period. B: Anammox bacteria visible in green (Amx368-FLUOS) and general bacteria visible in blue 
(Eub338 I-III-Cy5) on 1st day of reactor operation with no ammonium supply (T0). C: Anammox bacterial visible in 
magenta (Amx368-Cy3) and general bacteria hybridized with (Eub338 I-III-Cy5) after 10 weeks (T10).
Furthermore, molecular characterization of the microbial community in reactor was 
performed through fluorescence in situ hybridization (FISH). The FISH micrographs 
from biomass collected at T0 (0 days) and T10 (10 weeks) revealed the presence 
of anammox bacteria in the enrichment culture (Figures. 2B, 2C). No decrease in 
anammox abundance was observed after 10 weeks of reactor operation without 
ammonium. These FISH results contradicted the findings that anammox bacteria 
had been out competed in the T10 sample as concluded from the transcription data. 
Furthermore, the anaerobic methanotrophic archaeon Ca. M. nitroreducens and its 
bacterial partner Ca. M. oxyfera were detected in both samples (Supplementary 
Figure. 2A, 2C). The apparently denitrifying, sulfide-oxidizing proteobacteria 
related to Thiobacillus sp. (Supplementary Figure. 2B, 2D) were also detected. The 
substrate concentrations and FISH results suggested a similar microbial community 
profile of enrichment culture as described in Chapter 2 (Arshad et al., 2017). 
Discussion
Microbial cooperation and competition
In order to acquire substrates, microorganisms compete, cross feed or collaborate 
with other microorganisms in natural as well as man-made ecosystems. Therefore we 
investigated the changes in microbial community composition and expression levels 
in a laboratory scale anoxic bioreactor mimicking brackish (1% NaCl), or estuarine 
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conditions supplied with nitrate, sulfide, and methane under severe ammonium-
limitation. Nitrogen was emitted from enrichment culture as gaseous nitrogen N2 
which was brought about by microbial activities of anammox bacteria,  sulfide-
dependent denitrifiers, and a consortium of nitrate- and nitrite-dependent anaerobic 
methanotrophs (Chapter 2: Arshad et al., 2017). The metagenomic characterization 
of the aforementioned enrichment culture revealed that two members of the microbial 
community, Ca. M. nitroreducens and a novel Nitrospirae bacterium Ca. Nitrobium 
versatile, both contained genetic potential to perform DNRA. The capability of Ca. 
M. nitroreducens-like archaea to perform DNRA has been suggested previously 
((Arshad, Speth, de Graaf, et al., 2015; Ettwig et al., 2016b), but lacked physiological 
evidence so far. Here, we investigated the possibility of DNRA in the enrichment 
culture and further hypothesized that ammonium produced through DNRA could be 
utilized by anammox. 
In order to study the anammox activity with ammonium supplied by DNRA, we 
gradually removed ammonium from the mineral medium. Next, metatranscriptome 
sequencing was performed on samples (T0) collected on day 1 and samples 
(T10) collected after 10 weeks of reactor operation with no ammonium supply. 
Metatranscriptome analysis indicated that, there was a clear community shift between 
the start and at the end of 10 weeks reactor operation. The mRNA reads abundance 
for Candidatus K. stuttgartiensis decreased from 1% to 0.1% furthermore, stable 
isotope labelling based activity measurements did not provide any evidence of 
anammox activity during the ammonium-limitation (data not shown).  However, the 
successful detection of anammox bacteria by FISH may be explained through the 
high stability of anammox ribosomes which are known to persist over prolonged 
periods of starvation or inhibition (Schmid et al., 2001). Besides anammox, methane-
dependent denitrifiers were the main contributors towards overall nitrogen loss. Ca. 
M. nitroreducens (60% abundance) and sulfide-dependent denitrifiers provided 
nitrite for Ca. M. oxyfera and anammox bacteria. The decrease of anammox activity 
meant that more nitrite became available for Ca. M. oxyfera thus, resulting in high 
read abundance (50%) of Ca. M. oxyfera species. 
Although, both Ca. M. oxyfera and anammox bacteria have low affinity constants 
for nitrite (Strous and Jetten, 2004; Ettwig et al., 2008), the nitrite consumption 
rates reported in literature by anammox bacteria are much higher than that of Ca. 
M. oxyfera (Hu et al., 2015) therefore, once anammox sp. disappeared from the 
enrichment culture nitrite-reducing methanotrophic bacteria Ca. M. oxyfera clearly 
thrived. Furthermore, the identification of sulfide–oxidizing member could not be 
performed successfully. The extremely low (less than 1%) reads abundance of the 
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previously (Chapter 2) identified sulfide oxidizing members related to S. denitrificans 
(82.6% identity of RpsC, S3 protein to S. denitrificans skB26) and Thiobacillus spp. 
in both sequencing samples suggested a possible bias of RNA isolation method. 
This notion was also supported by successful detection of Thiobacillus spp. in T10 
and T10 samples through FISH (Figure S2. 2B and 2D). Therefore, it seems highly 
unlikely that sulfide oxidizing autotrophic denitrifiers were out competed from the 
enrichment culture. Most surprisingly, the novel Nitrospirae bacterium Ca. Nitrobium 
versatile disappeared over 10 weeks of cultivation. The disappearance of Ca. N. 
versatile poses an interesting question with regards to the link between cultivation 
conditions and the possible physiological role of these microorganisms. Previously, 
the genome based metabolic reconstruction of Ca. N. versatile revealed the potential 
for use of a wide range of electron donors including, hydrogen, pyruvate, lactate, 
acetate and formate, as well as complete pathway for oxygen, nitrate, and sulfate 
respiration. Additionally, it harboured a complete Wood-Ljungdahl pathway for 
CO2 fixation or acetate oxidation. Hence, this microorganism is suggested to be a 
versatile facultative anaerobe, which is capable of either an organoheterotrophic or 
chemolithoautotrophic lifestyle (Arshad et al., 2017). Additionally, the Nitrospirae 
genome did not encode enzymes needed for ammonium and methane activation 
thereby suggesting that it does not metabolize these substrates. Therefore, it remains 
puzzling as to what factors caused the disappearance of these microbes from the 
enrichment culture. 
Dissimilatory nitrate reduction
We investigated the prevalence of the DNRA process in the enrichment culture 
that contained microorganisms of carbon, nitrogen and sulfur cycles, cultivated 
under anoxic conditions. A clear increase in the expression of the nrfAH operon 
from Ca. M. nitroreducens suggested that part of nitrate was reduced to ammonium. 
The metatranscriptome analysis did not reveal expression of an nrfAH operon from 
any other member of the microbial community besides Ca. M. nitroreducens. The 
members of sulfide-dependent denitrifying community and nitrate-nitrite dependent 
methanotrophs were both present in the enrichment culture. It is known that, 
denitrification and DNRA performing microorganisms both compete for nitrate as 
electron acceptor in absence of oxygen or at low oxygen concentrations. Furthermore, 
the C:N ratio is one of the most dominant parameter that guides the competition 
between DNRA and denitrification (Kraft et al., 2014; van den Berg et al., 2016; 
van den Berg, Elisário, et al., 2017; van den Berg, Rombouts, et al., 2017). A full 
array of studies performed on sediments or sludge samples have reported production 
A
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of ammonium at higher C:N ratios(Tiedje et al., 1982; King and Nedwell, 1985; 
Akunna et al., 1993). Thus, a high electron donor (CH4, sulfide) to low nitrogen 
(NO3
-) ratio was provided to the bioreactor. Although, the expression of NrfA and 
NrfH subunits increased over time (Figure. 2C) we could not detect any ammonium 
production through colorimetric assays. Since, the ammonium was removed from the 
supply of the reactor, the the ammonium produced during DNRA might be utilized as 
the nitrogen source for biomass assimilation. Moreover, the limited DNRA capacity 
of our enrichment culture could be due to lack of stringent cultivation conditions. 
Several laboratory studies performed on environmental samples and on pure cultures 
have shown physiological evidence of DNRA but these bacterial cultures have not 
been enriched and isolated based on their DNRA capacity (Dunn et al., 1979; Cole 
and Brown, 1980; King and Nedwell, 1985; Rehr and Klemme, 1989; T. O. Strohm 
et al., 2007; Rütting et al., 2011; Hardison et al., 2015). Only recently, two studies 
(Kraft et al., 2014; van den Berg et al., 2015) successfully enriched DNRA bacteria 
in a marine mesocosm continuous system and in a chemostat set-up started from 
activated sludge. In both of these systems nitrate was provided as exclusive electron 
acceptor. Both studies confirmed that limitation of nitrate as electron acceptor was 
absolutely necessary for successful enrichment of DNRA bacteria. Although a lower 
nitrate to carbon ratio was supplied in this study, the nitrate concentration was not 
limiting as shown in Figure. 3A. there was about 3 mM residual nitrate present in the 
bioreactor and such cultivation condition might favour denitrification over DNRA 
(Tiedje et al., 1983; Schmidt et al., 2011). Therefore in the future, a study with 
nitrate-limiting conditions might result in higher DNRA activity in our enrichment 
culture. The presence of NrfA and NrfH proteins in the Ca. M. nitroreducens genome 
is considered an acquired potential for nitrite removal as the NO producing nitrite 
reduction machinery is absent in these anaerobic methanotrophs (Arshad, Speth, 
de Graaf, et al., 2015; Timmers et al., 2017). Nevertheless, future physiological 
studies focusing on DNRA capacity of Ca. M. nitroreducens could be essential in 
further expanding our understanding of microbial interactions linked to DNRA, 
nitrate-reduction coupled to methane oxidation and anammox bacteria in brackish 
or estuarine environments.  
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Supplementary materials
Supplementary Fig. S1: Quality score threshold and % of the reads corresponding to the set quality threshold.
Supplementary Table S1: Overview of metagenome bins used as reference data set for meta-transcriptome 
analysis
BioProject BioSample Accession Organism
PRJNA397647 SAMN07483517 NSJJ00000000 Sulfuricella denitrificans (Ru_enrich_SD)
PRJNA397647 SAMN07483511 NSJK00000000 Xanthomonadales bacterium (Ru_enrich_XN)
PRJNA397647 SAMN07483510 NSJL00000000 Nitrospira sp. (Ru_enrich_NS)
PRJNA397647 SAMN07483406 NSJM00000000 Candidatus Methylomirabilis sp. (Ru_enrich_MO2)
PRJNA397647 SAMN07483405 NSJN00000000 Candidatus Methylomirabilis oxyfera (Ru_enrich_MO1)
PRJNA397647 SAMN07483404 NSJO00000000 Candidatus Methanoperedens sp. (Ru_enrich_MN)
PRJNA397647 SAMN07483403 NSJP00000000 Candidatus Kuenenia stuttgartiensis (Ru_enrich_A3)
PRJNA397647 SAMN07482833 NSJQ00000000 Candidatus Scalindua rubra (Ru_enrich_A1)
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Supplementary Table S2: Number of total mRNA from sample T0 reads mapped to each genome bin
 T0_S1 T0_S2 T0_S3
Ca. M.nitroreducens 139,841 145,997 193,838
Ca. M.oxyfera_1 45,793 57,581 44,878
Ca. K.stuttgartiensis 3,924 1,606 1,282
Ca. Scalindua brodae 428 215 131
Ca. N.versatile 14,053 10,077 5,772
S.denitrificans 189 151 97
Ca. M.oxyfera_2 11,833 15,320 10,588
Xanthomonodales 194 259 161
Total mapped reads 216,255 231,206 256,747
Supplementary Table S3: Number of total mRNA from sample T10 reads mapped to each genome bin
T10_S1 T10_S2 T10_S3
Ca. Mm.nitroreducens 78,661 81,291 219,351
Ca. M.oxyfera_1 27,935 26,555 25,113
Ca. K.stuttgartiensis 120 147 190
Ca. S.brodae 92 131 100
Ca. N.versatile 92 83 88
S.denitrificans 167 156 197
Ca. M.oxyfera_2 25,090 22,703 22,346
Xanthomonodales 662 681 339
Total mapped reads 132,819 131,747 267,724
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Abstract
Methane oxidation is an important process to mitigate the emission of the greenhouse 
gas methane and further exacerbating of climate forcing. Both aerobic and anaerobic 
microorganisms have been reported to catalyze methane oxidation with only a few 
possible electron acceptors. Recently, new microorganisms were identified that could 
couple the oxidation of methane to nitrate or nitrite reduction. Here we investigated 
such an enrichment culture at the (meta)genomic level to establish a metabolic model 
of nitrate-driven anaerobic oxidation of methane (nitrate-AOM). Nitrate-AOM is 
catalyzed by an archaeon closely related to (reverse) methanogens that belongs to 
the ANME-2d clade, tentatively named Methanoperedens nitroreducens. Methane 
may be activated by methyl-CoM reductase and subsequently undergo full oxidation 
to carbon dioxide via reverse methanogenesis. All enzymes of this pathway were 
present and expressed in the investigated culture. The genome of the archaeal 
enrichment culture encoded a variety of enzymes involved in an electron transport 
chain similar to those found in Methanosarcina species with additional features not 
previously found in methane-converting archaea. Nitrate reduction to nitrite seems 
to be located in the pseudoperiplasm and may be catalyzed by an unusual Nar-like 
protein complex. A small part of the resulting nitrite is reduced to ammonium which 
may be catalyzed by a Nrf-type nitrite reductase. One of the key questions is how 
electrons from cytoplasmically located reverse methanogenesis reach the nitrate 
reductase in the pseudoperiplasm. Electron transport in M. nitroreducens probably 
involves cofactor F420 in the cytoplasm, quinones in the cytoplasmic membrane 
and cytochrome c in the pseudoperiplasm. The membrane-bound electron transport 
chain includes F420H2 dehydrogenase and an unusual Rieske/cytochrome b complex. 
Based on genome and transcriptome studies a tentative model of how central energy 
metabolism of nitrate-AOM could work is presented and discussed.
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Introduction
Methane is an important greenhouse gas that is produced by microbiological processes, 
mainly methanogenesis in freshwater and marine ecosystems (Thauer et al., 2008) 
and the demethylation of methylphosphonates in the ocean (Metcalf et al., 2012). 
Part of the produced methane is oxidized by methanotrophic microorganisms leading 
to a reduced amount of methane escaping into the atmosphere. Methanotrophic 
microorganisms can be divided into two classes. Aerobic methanotrophs are bacteria 
that make use of the enzyme methane monooxygenase to activate the inert methane 
molecule (Sirajuddin and Rosenzweig, 2015). Anaerobic methanotrophs use an external 
electron acceptor other than oxygen and can be found in both prokaryotic domains, 
Bacteria and Archaea (Boetius et al., 2000; Ettwig et al., 2010; Haroon et al., 2013). 
Nitrite-dependent anaerobic oxidation of methane (AOM) is catalyzed by the anaerobic 
bacterium Methylomirabilis oxyfera that belongs to the NC10 phylum (Ettwig et al., 
2010). After reduction of nitrite to NO it presumably dismutates NO to N2 and O2 to 
subsequently make use of the produced oxygen for an aerobic-type methane activation 
reaction via methane monooxygenase (Ettwig et al., 2010; Ettwig et al., 2012). All other 
anaerobic methanotrophs have been reported to belong to the domain Archaea and 
presumably use the reverse reaction of methyl-coenzyme M reductase – the key enzyme 
in methanogenesis – for the activation of methane (Krüger et al., 2003; Scheller et al., 
2010). So far, enrichment cultures were reported to couple the oxidation of methane 
to the reduction of sulfate or nitrate (Boetius et al., 2000; Raghoebarsing et al., 2006; 
Haroon et al., 2013). Sulfate-dependent AOM seems to be catalyzed by the symbiotic 
association of an anaerobic methanotrophic archaeon (ANME) with a bacterial sulfate 
reducing partner (Knittel and Boetius, 2009; Ruff et al., 2015). Nitrate-dependent AOM, 
in contrast, seems to be catalyzed by an archaeal methanotroph alone that was named 
Methanoperedens nitroreducens and is affiliated to the ANME-2d clade (Raghoebarsing 
et al., 2006; Haroon et al., 2013). In this study, we report on the environmental genome 
and transcriptome of a Methanoperedens-like archaeon that was found in an enrichment 
culture performing nitrate-dependent AOM. This draft genome was used to establish 
a putative model of how nitrate-dependent methanotrophy could work. We discuss 
how the cytoplasmic process of methane oxidation via reverse methanogenesis may 
be coupled to the pseudoperiplasmically located reduction of nitrate to nitrite and 
ammonium by Nar- and Nrf-type nitrogen cycle enzymes. Several cytoplasmic and 
membrane-bound enzyme complexes homologous to enzymes in methanogens were 
found and are apparently combined with several metabolic traits not previously found 
in methanogenic or methanotrophic archaea.
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Materials and Methods
Biological source material
An initial enrichment culture that contained Methylomirabilis oxyfera and Anaerobic 
oxidation of methane Associated Archaea (AAA) (Raghoebarsing et al., 2006) 
was further enriched with the effluent of another reactor that was dominated by M. 
oxyfera. It contained mineral medium saturated with CH4, low nitrite (50 µM) and 
high nitrate (2–3 mM). After about 1 year of enrichment, the reactor was uncoupled 
from the M. oxyfera reactor, and kept flushed with CH4-CO2 (v:v; 95:5). Nitrate 
was added daily as sole electron acceptor (1-3 mM final concentration) for over 2 
years. The reactor was operated in batch mode. Every two weeks, approximately 
30 % of the supernatant was removed and the reactor replenished with fresh anoxic 
mineral medium (as previously described by (Ettwig et al., 2009), omitting nitrate 
and nitrite). The AAA microbe in the reactor was closely related to Methanoperedens 
nitroreducens identified by Haroon et al. (Haroon et al., 2013) and will subsequently 
be referred to as M. nitroreducens MPEBLZ whereas the strain identified by Haroon 
et al. will be referred to as M. nitroreducens ANME2D.
Metagenome and -transcriptome sequencing
DNA of the M. nitroreducens MPEBLZ enrichment culture was isolated with a 
method based on bead beating and SDS lysis as described previously (Ettwig et 
al., 2009). Total RNA was isolated with the Ambion RiboPureTM Bacteria Kit 
(MO BIO Laboratories, Uden, The Netherlands) according to the manufacturer’s 
manual. DNA and RNA quality was checked by agarose gel electrophoresis, and 
concentrations were measured in triplicate with the NanoDrop (ND-1000; Isogen 
Life Science, The Netherlands). All kits used in library preparation and sequencing 
were obtained from Life technologies (Life Technologies, Carlsbad, CA, USA). 
Genomic DNA was sheared for 5 minutes using the Ion Xpress™ Plus Fragment 
Library Kit. Further library preparation was performed using the Ion Plus Fragment 
Library Kit following manufacturer’s instructions. Size selection of the library was 
performed using an E-gel 2% agarose gel. The library was used for two sequencing 
runs. For both runs, emulsion PCR was performed using the OneTouch 200bp kit 
and sequencing was performed on an IonTorrent PGM with the Ion PGM 200bp 
sequencing kit and an Ion 318 chip, resulting in a total of 10 million reads with an 
average length of 170 bp. RNA was sequenced after removal of ribosomal RNA 
using the MicrobExpress kit (Thermo Scientific, Amsterdam, The Netherlands). The 
library for RNA-seq was prepared using the RNA-seq kit v2 (Life Technologies, 
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Carlsbad, CA, USA) and two sequencing runs were performed as described above 
for the metagenomic library.
Assembly, binning and annotation of the Methanoperedens nitroreducens 
MPEBLZ draft genome
For the construction of the environmental genome, reads were trimmed on quality 
and length (>100bp). The remaining 8.1 million reads, average length 196bp, were 
assembled de novo using the CLC genomics workbench (v6.5.1, CLCbio, Aarhus, 
Denmark) with word size 31 and bubble size 5000. Contigs were assigned to M. 
nitroreducens MPEBLZ based on coverage and GC content. The obtained 514 
contigs were annotated using Prokka (version 1.10 (Seemann, 2014)) using an 
additional custom database containing the genomes of methanogens Methanosarcina 
barkeri str. Fusaro (NC_007355), Methanosarcina mazei Gö1 (NC_003901) and 
Methanosarcina acetivorans C2A (NC_003552). After annotation, a round of 
manual curation was performed to correct detected frameshifts and the contigs were 
re-annotated. Of the total 4528 ORF’s identified 2004 were marked as hypothetical 
proteins after manual curation. CLC genomics workbench and the sequence 
visualization and annotation tool Artemis was used to analyse the features of annotated 
contigs (Rutherford et al., 2000). Initially, reference protein sequences belonging 
to several methanogenic archaea were retrieved in CLC genomics workbench and 
homologous protein sequences from M. nitroreducens MPEBLZ were identified 
through local BLASTp. Next, BLASTp was used to identify homologues of M. 
nitroreducens target proteins in strain ANME2D. Results were analysed based on % 
sequence identity and expectation value (e-value). Homologues to strain ANME2D 
were defined as exhibiting an e-value <10-10 and a sequence identity higher than 
40%. Signal peptides were predicted with the PRED-SIGNAL tool (Bagos et al., 
2009). This Whole Genome Shotgun project has been deposited at DDBJ/EMBL/
GenBank under the accession LKCM00000000. The version described in this paper 
is version LKCM01000000.
Transcriptome analysis
The draft genome sequence of the Methanoperedens nitroreducens MPEBLZ 
was used as the template for the transcriptome analysis. Expression analysis was 
performed with the RNA-Seq Analysis tool from the CLC Genomic Workbench 
software (version 8.0, CLC-Bio, Aarhus, Denmark) and values are expressed as 
RPKM (Reads Per Kilobase of exon model per Million mapped reads (Mortazavi 
et al., 2008)).
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Cofactor analysis of Methanoperedens nitroreducens MPEBLZ
For the analysis of lipid soluble electron carriers, reactor biomass was first investigated 
with fluorescence in situ hybridization (FISH) at the time of sampling to quantify the 
relative amount of M. nitroreducens. FISH was performed as described in (Daims et 
al., 2005) with the probes Arch915 and Eubmix (Stahl and Amann, 1991; Daims et al., 
1999). About 50 % archaea were found with M. nitroreducens as the only archaeon 
present as found by metagenome sequencing. Subsequently, 50 mg freeze dried cells 
were grinded with a 5/32” steel ball with a Retsch MM 300 mixer mill at 60 Hz for 
2 min. To each of the grinded samples 1 mL water and 500 µL pentane (GC grade) 
was added. The samples were vortexed for 2 min at maximum speed, placed in an 
ultrasonic bath for 2 min and centrifuged for 5 min at 12000 x g. The upper pentane 
phase was transferred to a new tube. Another 500 µL pentane was added to the lower 
(water) phase and the extraction procedure was repeated as described above. Both 
pentane phases were combined and evaporated to dryness under a nitrogen flow. 
The dried extracts were dissolved in 200 µL methanol/ethanol (80:20) and aliquots 
of 90 µL were injected on an Agilent 1100 HPLC containing a Merck LiChrospher 
100 RP-18 (5µm) column (250mm x 4.6mm; flow 0.750 mL/min, peak detection by 
diode array detector [DAD], integration wavelength 248 nm). The DAD was also 
used to obtain UV/Vis spectra from 200 to 600 nm. After 3 min isocratic elution with 
20% ethanol in methanol a linear gradient to 100% ethanol in 12 min followed by 
10 min isocratic elution with 100% ethanol was used for separation. Methanol and 
ethanol were of HPLC grade. Ubiquinone 10 (UQ10, Sigma-Aldrich), menaquinone 
4 (MK4, Supelco) and a methanophenazine standard provided by Uwe Deppenmeier 
(University of Bonn, Germany) were used as reference compounds. Phase contrast 
and fluorescent micrographs were taken with a Leitz Dialux microscope according 
to the method by (Doddema and Vogels, 1978).
Results and Discussion
Re-construction of the Methanoperedens nitroreducens MPEBLZ genome
The here presented genome was reconstructed from a metagenome dataset of 
a bioreactor enrichment culture that coupled the anaerobic oxidation of methane 
to nitrate reduction to nitrite and ammonium (Zhu, 2014). Contigs from a de 
novo metagenome assembly were binned based on coverage and GC-content 
(Supplementary Figure S1). The community in the reactor was dominated by two 
organisms, Methanoperedens nitroreducens MPEBLZ and an organism closely 
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related to Methylomirabilis oxyfera that will not be discussed here (the analysis of 
all 16S rRNA gene reads of the metagenome is displayed in Supplementary Table 1). 
The 16S rRNA gene of M. nitroreducens MPEBLZ and M. nitroreducens ANME2D 
were 95% identical. Manual curation of the binned contigs resulted in a 3.74 Mb draft 
genome of M. nitroreducens MPEBLZ, on 514 contigs longer than 500 bp. Based on 
variation present in the reads supporting the draft genome, it is a consensus genome 
composed of (at least) two very closely related strains. The draft genome contains 
homologs of all 103 proteins used by Haroon et al. to assess the completeness of the 
M. nitroreducens ANME2D draft genome (Haroon et al., 2013). Additionally, we 
have assessed completeness of the draft genome using the lineage specific workflow 
of checkM, resulting in an estimated completeness higher than 96%, based on 228 
markers (Parks et al., 2015). Although the coverage of two contigs that encoded the 
nitrate reductases is higher than that of the contigs containing the core proteins, the 
sequence composition and gene content of these contigs support their inclusion in 
the M. nitroreducens MPEBLZ draft genome sequence.
The core pathway of methanotrophy is well conserved and located in the 
cytoplasm
We found a full reverse methanogenesis pathway in the M. nitroreducens MPEBLZ 
genome which is in accordance with the study of Haroon et al. (Haroon et al., 2013) 
and Wang et al. for ANME-2a (Wang et al., 2014). Methane is probably activated 
by methyl-coenzyme M reductase (Krüger et al., 2003; Shima and Thauer, 2005; 
Scheller et al., 2010) which was also the most highly transcribed gene cluster 
detected in the transcriptome. The methyl group is then transferred to the cofactor 
methanopterin by the action of a Na+ translocationg methyl transferase (Hallam 
et al., 2004). In methanotrophy, this reaction may dissipate part of the membrane 
potential (Becher et al., 1992); the sodium/proton gradient to drive this reaction 
has to be built up in the subsequent steps of methanotrophy. After the transfer to 
methanopterin, the methyl group is oxidized to CO2 by the reverse reaction of 
methanogenic enzymes (Hallam et al., 2004; Scheller et al., 2010; Thauer, 2011). 
The reverse methanogenesis pathway also contained a mer gene which encodes 
the F420-dependent 5, 10-methenyltetrahydromethanopterin reductase. Within the 
ANME archaea, this gene seems to be confined to members of the ANME-2 clade 
(Haroon et al., 2013; Wang et al., 2014) and is missing in ANME-1 clade archaea. 
We investigated whether biosynthesis pathways for the crucial C1 carrier molecules 
were encoded in the genome. For the first acceptor of the methyl group, coenzyme 
M (2-mercaptoethanesulfonate), we observed that the canonical pathway employing 
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the enzymes ComABCDEF was not encoded but instead the pathway as described 
for Methanosarcinales and Methanomicrobiales that consists of ComDEF together 
with cysteate synthase (Graham et al., 2009). Both the biosynthesis pathways for 
methanofuran and methanopterin are not fully resolved in methanogenic archaea; 
we could however assign putative biosynthesis proteins according to the report of 
Kaster et al. ((Kaster et al., 2011a), Supplementary Table 2). 
According to our model, electrons from the core methanotrophic pathway are 
transferred to the cytoplasmic cofactors F420, coenzyme B and ferredoxin. The 
biosynthetic pathways for coenzyme B and cofactor F420 were, as far as resolved for 
methanogens (Kaster et al., 2011a), also encoded in the Methanoperedens genomes 
(Supplementary Table 2). Cells sampled from the bioreactor showed typical 
F420 fluorescence as also found in methanogens (Figure 1). The M. nitroreducens 
MPEBLZ genome harbored 9 genes encoding soluble [4Fe4S] ferredoxins whereas 
Methanosarcina spp. encode up to 20 (Welte and Deppenmeier, 2011a).
Figure 1: F
420
 fluorescence of aggregated biomass in the nitrate-AOM enrichment culture. (A) Phase contrast 
micrograph, (B) fluorescence micrograph with an excitation wavelength of 390 nm and an emission wavelength 
of 420 nm, (C) overlay of the phase contrast and the fluorescence micrograph showing that not all cells in the 
aggregates exhibit F420 fluorescence.
Nitrate and nitrite reducing enzymes are predicted to be located in the 
pseudoperiplasm
Nitrate reduction in archaea is a process that is not yet well characterized (Martinez-
Espinosa et al., 2007). Bacterial Nar-type nitrate reductase has its active site directed 
towards the cytoplasm, whereas archaeal nitrate reduction by the Nar enzyme seems 
to take place at the extracellular side of the cytoplasmic membrane (Yoshimatsu et al., 
2000; Martinez-Espinosa et al., 2007; de Vries et al., 2010). If, or how, this process is 
coupled to the build-up of a proton motive force is not yet known. Different protein 
interaction partners were suggested to anchor the soluble subunits NarGH to the 
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cytoplasmic membrane (Martinez-Espinosa et al., 2007; Yoshimatsu et al., 2007). 
De Vries et al. (2010) co-purified a protein designated NarM together with NarGH 
from the Pyrobaculum aerophilum membrane fraction and consequently suggested 
that it forms the membrane anchor spanning the cytoplasmic membrane with one 
transmembrane helix. It is encoded in an operon with narGH and is conserved in most 
archaeal nar operons (de Vries et al., 2010) but not in M. nitroreducens MPEBLZ 
and ANME2D. The M. nitroreducens MPEBLZ genome contains two nitrate 
reductase operons, whereas in the genome of the culture investigated by Haroon et 
al. (Haroon et al., 2013) only one was found. One narG copy appeared to be part of 
a conserved gene cluster between the two methanotrophs (MPEBLZ_02035-02041, 
Table 1) and the respective protein was 24 % identical on amino acid level to the 
second copy in the M. nitroreducens MPEBLZ genome (RPKM value 342). The 
narG operon conserved in the two methanotrophs was further investigated. The 
gene cluster comprises seven genes with the alpha and beta subunits of the nitrate 
reductase (NarG and NarH, respectively) encoded in the beginning of the cluster. 
The NarG protein contains an N-terminal TAT signal peptide for translocation across 
the cytoplasmic membrane (Table 1); the M. nitroreducens genomes also encoded 
the biosynthetic proteins needed for production and insertion of the molybdopterin 
cofactor (Supplementary Table 2, (Vergnes et al., 2004)). In P. aerophilum and other 
archaea, narGH are followed by the narM gene encoding the putative membrane 
anchor (de Vries et al., 2010). In Methanoperedens, we could not find a homologue 
to narM in the respective nar gene cluster or elsewhere in the genome indicating 
that this organism contains a nitrate reductase with an unusual subunit composition. 
Other proteins encoded in the gene cluster comprised the chaperone NarJ and a 
pseudoperiplasmic b-type cytochrome homologous to the Haloferax mediterranei 
Orf7 protein which was hypothesized to interact with NarGH in this organism 
(Martinez-Espinosa et al., 2007). Furthermore, a protein homologous to NapH was 
encoded in the gene cluster. This protein is a membrane integral subunit with four 
transmembrane helices of some periplasmic nitrate reductases in bacteria (Brondijk 
et al., 2002; Brondijk et al., 2004; Kern and Simon, 2008). It usually co-occurs with 
NapG that mediates the electron transfer to the catalytic subunits NapAB (Brondijk 
et al., 2004). In M. nitroreducens MPEBLZ and ANME2D, we could not find 
homologues to NapG or NapAB. The C-terminus of the NapH-like protein is instead 
extended and contains five additional transmembrane helices. Two other proteins 
that were encoded in the same gene cluster were homologous to subunit II of heme 
copper oxidases (Pereira et al., 2001). As all of the genes encoding these proteins 
were considerably expressed (Table 1) they may form an unusual nitrate reducing 
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(transient) membrane-bound protein complex (Figure 2), a possibility that has to be 
addressed by further biochemical studies.
Table 1: Description of proteins encoded in the nar operon of Methanoperedens species. All listed proteins 
have a well conserved homologue in the M. nitroreducens ANME2D genome and the respective genes are highly 
transcribed in M. nitroreducens MPEBLZ (high RPKM values).
Locus identifier Homologue 
to 
described 
protein
Homologue in 
ANME2D 
% identity 
between 
ANME2D 
and 
MPEBLZb
RPKMc Transmembrane 
helices
Signal 
peptide
MPEBLZ_02035 NarG ANME2D_03460 81 739 no 1-42
MPEBLZ_02036 NarH ANME2D_03461 83 685 no no
MPEBLZ_02037 NarJ ANME2D_03462 73 792 no no
MPEBLZ_02038 Orf7 ANME2D_03463 66 1209 no 1-32
MPEBLZ_02039 HCO IIa ANME2D_03464 74 630 1 1-23
MPEBLZ_02040 NapH ANME2D_03465 80 1367 9 no
MPEBLZ_02041 HCO IIa ANME2D_03466 65 1396 1 no
a Heme copper oxidase subunit II
b alignment covers more than 90 % of the query protein sequence, <e-20
c Reads per Kilobase per Million mapped reads
In the bioreactor that contained the enriched M. nitroreducens MPEBLZ culture, 
part of the nitrite was further reduced to ammonium (Zhu, 2014). It is evident that 
not all nitrite was reduced to ammonium as so far M. nitroreducens was always 
co-enriched with dedicated nitrite utilizers like Methylomirabilis oxyfera (Haroon 
et al., 2013; Zhu, 2014) or anaerobic ammonium oxidizers (Haroon et al., 2013) 
that reduced nitrite to dinitrogen gas. In Escherichia coli, the activities of nitrate 
and nitrite reductases are concerted by a complicated regulatory network (Rabin 
and Stewart, 1993; Tyson et al., 1993; Chiang et al., 1997; Wang and Gunsalus, 
2000; Noriega et al., 2010). Besides the oxygen availability, one of the key factors 
in E. coli for the regulation of transcription of nar and nrf genes seems to be the 
concentration of nitrate and nitrite in the culture medium (Wang et al., 1999; Wang 
and Gunsalus, 2000). In the same studies it was demonstrated that not all nitrite was 
converted to ammonium under all experimental conditions but is instead excreted 
into the medium. As a similar finding was observed in the here presented enrichment 
culture it is probable that also the archaeon M. nitroreducens contains regulatory 
mechanisms for gene expression of nitrogen cycle enzymes.
When we searched the Methanoperedens protein complement for enzymes potentially 
responsible for nitrite-dependent ammonium production, we found proteins that were 
homologous to the NrfAH type cytochrome c nitrite reductase (Figure 2), an enzyme 
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complex that is well characterized in δ- and ε-proteobacteria (Simon et al., 2000; 
Simon, 2002; Rodrigues et al., 2008). The catalytic subunit NrfA (MPEBLZ_01114, 
ANME2D_3312) contains – like in bacteria – a signal peptide to be translocated across 
the cytoplasmic membrane and therefore resides in the archaeal pseudoperiplasm. 
The amino acid sequence encodes four canonical CxxCH and one CxxCK heme 
c binding motifs for the coordination of five heme c. Amino acids required for 
catalysis and binding of the Ca2+ ion were conserved both in MPEBLZ_01114 and 
the homologous ANME2D_3312 protein (Lys126, Arg106, Tyr216, Gln263, His264, 
Glu215, Lys 261; Escherichia coli NrfA numbering (Bamford et al., 2002)). The nrfA 
gene is encoded in an operon next to a gene homologous to nrfH (MPEBLZ_1115; 
ANME2D_3311). The corresponding protein NrfH contains the canonical four 
CxxCH heme c binding sites as well as the conserved amino acid residues Lys82 
and Asp89. It anchors the NrfAH complex in the cytoplasmic membrane and allows 
the interaction with the quinone pool. As all amino acids known to be involved in 
catalysis as well as in cofactor coordination are conserved between the bacterial and 
the here presented archaeal proteins, and furthermore both proteins were expressed 
(RPKM value of 102 and 113, respectively), this enzyme complex is the best 
candidate to catalyze the reduction of nitrite to ammonium also in Methanoperedens 
species.
Membrane-bound, quinone-dependent electron transport proteins may couple 
reverse methanogenesis to nitrate reduction
During reverse methanogenesis, electrons are probably transferred to cytoplasmic 
electron carriers to yield reduced cofactor F420 (F420H2) and reduced ferredoxin. 
As nitrate reduction seems to take place in the pseudoperiplasm, one of the key 
questions in generating a metabolic model for nitrate-dependent AOM is how 
electrons travel across the cytoplasmic membrane and reach the nitrate reductase 
in the pseudoperiplasm. In the M. nitroreducens MPEBLZ genome, we identified 
several membrane-integral electron transport proteins that may be involved in this 
process (Figure 2, Supplementary Table 2). We found an F420H2 dehydrogenase 
closely related to the F420H2 dehydrogenase of methanogenic archaea that couples 
the oxidation of F420H2 to the build-up of a proton gradient (Welte and Deppenmeier, 
2014). All subunits of this complex are well conserved and expressed which strongly 
indicates that F420H2 is oxidized by this complex in Methanoperedens. 
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Figure 2: Tentative metabolic pathway model of membrane-bound electron transport in Methanoperedens. 
Reverse methanogenesis produces F420H2 and the thiol cofactors CoM-SH and CoB-SH as well as reduced ferredoxin 
(Fdred). F420H2 may be oxidized by the F420H2 dehydrogenase (Fqo) and electrons transferred to menaquinone (MQ, 
menaquinone; MQH2, menaquinol). The heterodisulfide reductase (Hdr) reaction is reversed resulting in quinone 
reduction upon CoM-S-S-CoB (heterodisulfide) production. Menaquinol can be oxidized by a Rieske-cytochrome b 
complex comprising two additional cytochrome c subunits. Electrons are transferred to an unusual nitrate reductase 
(Nar) complex, presumably via soluble cytochrome c (cytcox/red, oxidized/reduced cytochrome c), to reduce nitrate to 
nitrite. A small part of the nitrite can further be reduced to ammonium by nitrite reductase (Nrf) with menaquinol as 
electron donor. The fate of reduced ferredoxin is unclear. It could either be oxidized by Ech hydrogenase, by FrhB or 
FqoF (homologous to each other) alone or by the hypothesized confurcating HdrABC-FrhB enzyme complex. For 
more details, see text. Methyltransferase (Mtr) and A1AO ATP synthase make use of the proton motif force built up 
by the respiratory chain. This metabolic construction is solely based on genome analysis. 
HCO II, heme copper oxidase subunit II like proteins; cytb, cytochrome b; cytc, cytochrome c; FeS, iron-sulfur 
cluster; FMN, flavin mononucleotide; FAD, flavin adenine dinucleotide; MPT, molybdopterin, NiFe, nickel-iron 
center.
The genomic arrangement of the corresponding gene cluster in Methanoperedens 
resembles the one found in Methanosarcina mazei: the F420H2 interacting subunit 
FpoF/FqoF is encoded apart from the core F420H2 dehydrogenase gene cluster at 
a different location on the chromosome. The F420H2 dehydrogenase gene cluster 
also comprises the gene fpoO which is only found in Methanosarcinales but for 
which there is no known function. The F420H2 dehydrogenase in Methanosarcinales 
transfers electrons to the membrane integral electron carrier methanophenazine. The 
A metabolic blueprint of nitrate reduction coupled to AOM by Methanoperedens-like archaea
4
113
enzyme is also found in the related Euryarchaeal lineage Archaeoglobales where a 
homologous complex mediates electron transport to menaquinone (Kunow et al., 
1994; Brüggemann et al., 2000). As methanophenazine (E0’ = -165 mV, (Tietze et al., 
2003)) and menaquinone (E0’ = -80 mV, (Tran and Unden, 1998)) have considerably 
different redox potentials that have implications for subsequent electron transport 
pathways in nitrate-dependent AOM, we investigated which of the two lipid-soluble 
electron acceptors was present in M. nitroreducens MPEBLZ. As the biosynthesis 
pathway for methanophenazine is not known, we could not mine the genome for 
presence or absence of these genes. In contrast, there is a complete menaquinone 
biosynthesis pathway known for Archaeoglobus (Hemmi et al., 2005; Hiratsuka et 
al., 2008; Nowicka and Kruk, 2010), which is not present in Methanosarcinales. 
We found that this pathway was present in both M. nitroreducens genomes (Haroon 
et al., 2013). To obtain further experimental evidence, we extracted quinones and 
phenazines from the bioreactor biomass that was dominated by cells of strain MPEBLZ 
and analyzed this fraction with high performance liquid chromatography coupled to 
UV/Vis spectroscopy (Figure 3). The elution profile of the HPLC chromatogram is 
shown in Figure 3A. The main peaks in the chromatogram were analyzed with UV/
Vis spectroscopy and showed either a ubiquinone-like spectrum (peak 2, comparable 
to the spectrum in the right panel of Figure 3B) or a menaquinone-like spectrum 
(peaks 1, 3, 4, 5, 6, 7, 8, comparable to the spectrum in the middle panel of Figure 
3B). We could, however, not detect any fraction that showed the characteristic UV/
Vis spectrum of methanophenazine (spectrum in the left panel of Figure 3B). 
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Figure 3: Analysis of the lipid-soluble electron carriers of the nitrate-AOM enrichment culture. (A) 
HPLC elution profile as visualized by the absorption at 248 nm. Numbers indicate the peaks that were further 
characterized by UV/Vis spectroscopy. (B) UV-Vis spectra of standard compounds (left, methanophenazine; middle, 
menaquinone-4; right, ubiquinone-4) for comparison with spectra obtained from fractions separated by HPLC. Based 
on the comparison of the experimental spectra to the spectra obtained from the HPLC fractions, the different peaks 
were assigned to contain a representative from the classes of ubiquinones, menaquinones or methanophenazines. 
None of the spectra resembled the standard spectrum for methanophenazine (left), seven spectra (obtained from 
peaks 1,3,4,5,6,7,) resembled the standard spectrum of menaquinone-4 (middle) and one spectrum (obtained from 
peak 2) resembled the standard spectrum of ubiquinone-4. Different retention times within one molecule class 
indicate a difference in the prenoid chain length. Experimental spectra are displayed in Supplementary Figure S2.
As the culture is an enrichment culture it was not possible to assign one of the quinone 
fractions to M. nitroreducens MPEBLZ. From these experiments we conclude 
that it is highly likely that M. nitroreducens MPEBLZ uses menaquinone and not 
methanophenazine in membrane-bound electron transport (Figure 3). Besides F420H2 
dehydrogenase, a membrane-bound heterodisulfide reductase (HdrDE, Figure 
2) may contribute to the reduction of the quinone pool. In the M. nitroreducens 
MPEBLZ genome we were able to locate the gene for the membrane-integral b-type 
cytochrome subunit HdrE as well as the hydrophilic subunit HdrD. This complex 
may couple the oxidation of the reduced thiol cofactors CoM-SH and CoB-SH to 
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form the heterodisulfide CoM-S-S-CoB (Figure 2). Electrons may be transferred 
to the membrane-integral electron carrier menaquinone. As the redox potential 
E0’ of the CoM-S-S-CoB/CoM-SH+CoB-SH redox couple is -143 mV (Tietze et al., 
2003), electron transfer to menaquinone (E0’ = -80 mV) would be exergonic whereas 
electron transfer to methanophenazine (E0’ = -165 mV) would be endergonic.
The reduced quinone pool can subsequently be used by membrane-bound 
oxidoreductases. We could not find membrane-bound quinol oxidases. Instead, we 
identified an unusual Rieske/cytochrome b (Rieske/cytb) complex encoded in the M. 
nitroreducens genomes which is homologous to the cytochrome bc1 and b6f complexes 
of chemotrophs and phototrophs, respectively. These complexes couple the oxidation 
of quinones to the reduction of periplasmic cytochrome c and the translocation 
of protons via the Q-cycle (Berry et al., 2000). The canonical cytochrome bc1/b6f 
complex contains a membrane-integral cytochrome b, a periplasmic Rieske iron-
sulfur protein and another cytochrome (cytochrome c1 or f) at the periplasmic face, all 
of which are also encoded by the M. nitroreducens genome (Supplementary Table 2, 
MPEBLZ_00818 and MPEBLZ_00820 to 00822). The Rieske/cytb gene cluster also 
comprises two pentaheme c-type cytochromes (MPEBLZ_00816 and 00817) and 
two hypothetical proteins (MPEBLZ_00819 and 00823), all of which are conserved 
between the strains MPEBLZ and ANME2D. All eight genes are expressed at similar 
levels in M. nitroreducens MPEBLZ. This transcriptional pattern combined with the 
gene cluster arrangement suggests that the proteins MPEBLZ_00818 to 00823 may 
form a non-canonical Rieske/cytb complex which is in line with the finding that 
those complexes often harbor additional subunits to the canonical ones (ten Brink et 
al., 2013). For the related haloarchaea there is strong indication that the Rieske/cytb 
complex and nitrate reductase are interacting as they are encoded in the same gene 
cluster (Martinez-Espinosa et al., 2007; Yoshimatsu et al., 2007; Bonete et al., 2008) 
and the nitrate reductase reaction is inhibited by a the Rieske/cytb complex inhibitor 
Antimycin A (Martinez-Espinosa et al., 2007). In M. nitroreducens, electrons from 
the reduced quinone pool may travel via the Rieske/cytb complex and the pentaheme 
c-type cytochromes to the pseudoperiplasmic space and at that place they may be 
used by the nitrate reductase to reduce the external electron acceptor nitrate.
Ferredoxin and the heterodisulfide may be re-cycled by a novel electron-
confurcating enzyme complex
The oxidized cofactors ferredoxin and heterodisulfide are needed as electron acceptors 
during reverse methanogenesis and thus have to be re-oxidized by cytoplasmic or 
membrane-bound electron transport processes to become available for a new round 
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of methane oxidation. Members of the Methanosarcinales use membrane proteins for 
heterodisulfide reduction and ferredoxin oxidation (Welte and Deppenmeier, 2014). The 
genome of Methanoperedens encodes a membrane-bound heterodisulfide reductase 
(HdrDE, see above) that is highly expressed (RPKM values 946 and 1396, Supplementary 
Table 2) and therefore presumably the primary CoM-SH/CoB-SH oxidizing enzyme. For 
ferredoxin oxidation, we did not find an Rnf complex but identified an Ech hydrogenase 
lacking the subunit EchD (Supplementary Table 2). In the six-subunit Ech hydrogenase, 
EchD is the only hydrophilic subunit without prosthetic groups and is missing in Ech 
hydrogenases of some methanogens (Friedrich & Scheide 2000). This indicates that 
the Ech hydrogenase of Methanoperedens may be functional. Expression values are, 
however, low (RPKM 52-80, Supplementary Table 2) so it is unclear whether Ech 
hydrogenase is used by M. nitroreducens under the investigated growth conditions. In 
hydrogenotrophic methanogens, the cytoplasmic electron bifurcating enzyme complex 
heterodisulfide reductase (HdrABC) coupled to a hydrogenase (MvhABG) serves as 
ferredoxin reducing enzyme (Kaster et al., 2011b): electrons from molecular hydrogen 
are used to reduce the heterodisulfide in an exergonic reaction which in turn drives the 
endergonic reduction of ferredoxin. When we analyzed the genome for the presence 
of this enzyme complex, we found that it encodes three copies of hdrABC that are 
significantly expressed (RPKM values 137-482, Supplementary Table 2) but we 
could not detect the mvhABG gene cluster encoding the hydrogenase used in electron 
bifurcation by methanogenic archaea. In M. nitroreducens, the thiols CoM-SH and CoB-
SH (E0’= -143 mV) are produced in reverse methanotrophy and would therefore donate 
electrons to the HdrABC complex; however, the redox potential is too high to allow 
for a direct reduction of any of the cytoplasmic electron carriers F420, ferredoxin, H2 or 
NAD(P)+. Instead, the oxidation of the CoM-SH and CoB-SH thiols may be coupled 
to an electron confurcation reaction in which ferredoxin (E0’≈ -500 mV, (Thauer et 
al., 2008)) would be oxidized concomitantly and F420 (E
0’ = -360 mV, (Walsh, 1986)) 
reduced. The overall reaction would turn thermodynamically favorable and allow the 
backwards electron flow from the CoM-SH and CoB-SH thiols to F420. A possible protein 
mediating the interaction with F420 and ferredoxin has been described (FpoF, (Welte and 
Deppenmeier, 2011b)) and a gene encoding a homologous protein (FrhB) was found 
in proximity of one of the hdrABC copies, suggesting that an HdrABC-FrhB complex 
may mediate the above described reaction (Figure 4) in Methanoperedens species. FrhB 
or FpoF alone might also couple the oxidation of ferredoxin to the reduction of F420 as 
observed in the cytoplasm of Methanosarcina mazei (Welte & Deppenmeier, 2011b). 
In this case, the energy liberated by the redox reaction (∆E0’≈140 mV) would not be 
harnessed but released as heat.
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Figure 4: Hypothesis of a novel cytoplasmic electron confurcating heterodisulfide reductase complex for 
ferredoxin and CoM-S-S-CoB recycling. The exergonic reduction of F420 (E
0’=-360 mV) with reduced ferredoxin 
(E0’≈-500 mV) may be coupled to the endergonic electron transfer from the thiol cofactors CoM-SH and CoB-SH 
(E0’=-143 mV) to F420. This hypothesis is based on the metabolic reconstruction using genome and transcriptome 
sequencing and is not yet supported by biochemical experiments. FAD, flavin adenine dinucleotide ; FMN, 
FMN, flavin mononucleotide; FeS, iron-sulfur cluster; FrhB, F420-reducing hydrogenase subunit B; HdrABC, 
heterodisulfide reductase subunits A, B, C.
Hydrogen does not seem to be an intermediate in the electron transport chain
In many Methanosarcina sp., hydrogen is an intermediate in anaerobic respiration. 
It is produced either by the action of Ech hydrogenase during ferredoxin oxidation 
or by the action of the cytoplasmic F420 hydrogenase (FrhABG) during oxidation 
of F420H2 (Meuer et al., 1999; Kulkarni et al., 2009). In both cases, molecular 
hydrogen is subsequently oxidized by a membrane-bound hydrogenase (VhoACG/
VhtACG/VhxACG) to feed electrons into the methanophenazine pool (Welte and 
Deppenmeier, 2014). In the M. nitroreducens MPEBLZ and ANME2D genomes, 
genes encoding the Vho/Vht/Vhx hydrogenase were not found indicating that 
electrons from molecular hydrogen cannot enter the membrane-bound anaerobic 
respiratory chain of Methanoperedens species. Furthermore, the M. nitroreducens 
MPEBLZ genome only contained an frhB gene but not frhABG indicating that the 
F420 hydrogenase is not functional. 
Methanoperedens nitroreducens lacks genes required for methanogenesis
As methanotrophic archaea are closely related to methanogens we investigated 
whether all proteins necessary for one of the methanogenesis pathways were 
encoded in the genome. For methylotrophic methanogenesis, members of the 
Methanosarcinales contain substrate-specific methyl transferases (Krzycki, 2004). In 
the genome of M. nitroreducens MPEBLZ we could not find such methyl transferases 
which make it unlikely that this species is able to perform methanogenesis from 
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methylated compounds. For hydrogenotrophic methanogenesis, dedicated 
hydrogenases have to be encoded in the genome (Thauer et al., 2010). For classical 
hydrogenotrophic methanogenesis, the HdrABC-MvhABG electron bifurcating 
complex supplies reduced ferredoxin for CO2 reduction (Kaster et al., 2011b). As 
the MvhABG complex was not encoded in the here investigated genome, classical 
hydrogenotrophic methanogenesis does not seem to be possible. Methanosarcina 
sp. make use of membrane-bound hydrogenases to eventually reduce CO2 to 
CH4. The responsible Vho/Vht/Vhx hydrogenase (subunits) could not be found 
in the Methanoperedens genome which strongly indicates that neither form of 
hydrogenotrophic methanogenesis is possible. 
In case of aceticlastic methanogenesis, acetate first has to be activated to acetyl-CoA. 
In Methanosarcina sp., this happens via acetate kinase and phosphotransacetylase 
whereas Methanosaeta sp. use AMP-dependent acetyl-CoA synthetases (ACS) 
(Jetten et al., 1992; Welte and Deppenmeier, 2014). In the genome of M. nitroreducens 
MPEBLZ we could not detect genes encoding the first acetate activation system. We 
found one gene encoding an ADP-dependent ACS. Methanosaeta sp. contain several 
ACS enzymes that are either used in lipid metabolism or aceticlastic methanogenesis; 
as we only found one ACS enzyme encoded in the M. nitroreducens MPEBLZ 
genome which was more related to those enzymes involved in fatty acid metabolism 
it is unlikely that Methanoperedens archaea can make methane from acetate. It cannot 
be excluded that hitherto unknown mechanisms lead to ability for methanogenesis 
in Methanoperedens species but regarding well investigated metabolic pathways for 
methane formation this metabolic trait is not likely to be found in these organisms.
Unusual high number of c-type cytochromes may reflect adaption to the 
metabolic trait of nitrate reduction
The genomes of Methanoperedens species encode an unusually high number of 
c-type cytochromes (Haroon et al., 2013; Kletzin et al., 2015). The occurrence of 
c-type cytochromes in archaea was recently reviewed (Kletzin et al., 2015) and it 
was highlighted that the ANME-2 clade contains apparently the highest number 
of c-type cytochromes encoded in an archaeal genome. We identified 87 proteins 
containing at least one CxxCH heme c binding motif. Of these 87 proteins, 68 were 
homologous to proteins found in M. nitroreducens ANME2D. Kletzin et al. (Kletzin 
et al., 2015) analyzed this protein subset and came to the conclusion that only 43 of 
these 68 were likely to be true c-type cytochromes. 19 open reading frames in our 
M. nitroreducens MPEBLZ genome assembly encoded CxxCH motif(s) but did not 
have a homologue in the strain ANME2D. A total of 23 CxxCH motif containing 
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proteins were abundantly expressed (RPKM value > 500) and more closely 
investigated, 18 with homologues in the ANME2D genome and five without (Table 
2). The annotation of these proteins gave no indication on their function as they were 
all annotated either as hypothetical protein or cytochrome c protein. Most of the 
proteins (70 %, Table 2) contained three or more CxxCH motifs (even up to 21) and 
can therefore be regarded as multiheme c-type cytochromes. Several of those harbored 
an additional CxxxCH (MPEBLZ_00816, MPEBLZ_00817, MPEBLZ_03194, 
MPEBLZ_04300) or CxxxxCH motif (MPEBLZ_01743, MPEBLZ_03195). 
c-type cytochromes generally reside in the periplasm or archaeal pseudoperiplasm 
(Thöny-Meyer, 1997) and most of the here investigated c-type cytochromes 
contained a putative signal peptide (Table 2) or an N-terminal transmembrane 
helix (MPEBLZ_01329, MPEBLZ_04299, MPEBLZ_04300). In addition, several 
of the proteins (e.g. MPEBLZ_00008, MPEBLZ_00016, MPEBLZ_04347) were 
homologous to each other. Recently, McGlynn and co-workers identified several 
large multiheme c-type cytochromes in ANME archaea that may bridge the S-layer 
to donate electrons to extracellular partner organisms or metal oxides (McGlynn et 
al., 2015). The respective c-type cytochromes are (at least in part) conserved in the 
MPEBLZ genome (MPEBLZ_02503 and 02608) but were hardly expressed under 
our experimental conditions (RPKM values of 27 and 37, respectively).
To get insight into the potential function of the 23 abundantly expressed, 
uncharacterized cytochrome c proteins, we looked for homologues in the nr 
database using BLASTp (Altschul et al., 1990). For the majority of proteins, no 
close homologues (besides in strain ANME2D) could be found. An exception to this 
formed MPEBLZ_02042 which had many homologues in the bacterial and archaeal 
domain albeit with only moderate sequence identity (≤ 37 %). Homologues that were 
found for many of the other proteins comprised proteins from the Fe(III) reducing 
Euryarchaeota Ferroglobus placidus and Geoglobus acetivorans (Mardanov et al., 
2015; Smith et al., 2015). The sequence identity was generally low and spanned 
only part of the protein (Table 2). For both the proteins from F. placidus as well 
as G. acetivorans, there are no biochemical data available as to their function. 
However, a recent genomic survey (Mardanov et al., 2015) proposed a potential 
involvement of several c-type cytochromes in Fe(III) reduction which were encoded 
by four gene clusters (gace_0099 to 0102 and gace_1341 to _1344, gace_1360 to 
_1361, gace_1843 to _1847). Many of the c-type cytochromes identified in the 
Methanoperedens genomes showed homology to proteins encoded in the first two 
gene clusters. The identity of the amino acid sequences was too weak to allow for 
a functional comparison between the proteins but it indicates that these proteins 
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(which are also highly expressed) may have a function in pseudoperiplasmic electron 
transport, possibly to nitrate reductase that resides in the pseudoperiplasm. The 
protein GACE_1847 is speculated to be the direct electron transfer protein from the 
cytoplasmic membrane to extracellular hematite crystals in G. acetivorans (Fe2O3, 
(Mardanov et al., 2015)). It seems to be anchored in the cytoplasmic membrane, 
span the pseudoperiplasm with an array of c-type hemes (16 CxxCH binding motifs) 
and then bridge the S-layer to make contact to hematite crystals (Fe2O3) making use 
of hematite binding motifs at the C-terminus of the protein ([ST]-[AVILMFYW]-
[ST]-P-[ST], (Lower et al., 2008; Mardanov et al., 2015)). The Methanoperedens 
homologues, however, lack the C-terminal amino acid sequence, both for crossing 
of the S-layer as well as the hematite binding motifs. It is thus unlikely that these 
proteins are involved in binding to Fe(III) minerals. Three of the c-type cytochrome 
encoding genes (MPEBLZ_00816 to MPEBLZ_00818) were in the same gene 
cluster as other subunits for a Rieske/cytb complex indicating their involvement 
in electron transport from the cytoplasm to the pseudoperiplasm where nitrate and 
nitrite reductases reside. 
The metabolically and phylogenetically closely related methanogens of the order 
Methanosarcinales only contain few c-type cytochromes whose functions are 
largely unknown. The surprisingly large number of c-type cytochromes encoded 
by ANME-2d archaea may thus be connected to electron transfer from reverse 
methanogenesis to nitrate reductase. This is in accordance with the anticipated redox 
potentials of part of these cytochromes and the apparent low number of encoded 
ferredoxins in the genome: whereas bioenergetics in methanogenic archaea spans 
the redox range from about -500 mV (E0’ for CO2/CO and at the same time midpoint 
potential of ferredoxins used in this process) to -143 mV (E0’ (CoM-S-S-CoB/
CoM-SH+CoB-SH)), nitrate-dependent methanotrophic archaea operate at a wider 
redox potential range (E0’(NO3
-/NO2
-) = +433 mV)) that requires electron carriers 
with a redox potential of up to +400 mV. c-type cytochromes are ideal candidates 
to operate in the redox potential range of -143 mV to +433 mV and therefore act as 
redox carriers in nitrate-dependent anaerobic methanotrophy.
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Bioenergetics of nitrate-dependent AOM
The free energy change associated to nitrate-dependent AOM is high with a Gibbs 
free energy of ΔG0’ = -523 kJ per mol CH4 oxidized (calculated with the standard 
potentials E0’ (NO3
-/NO2
-) = +433 mV and E0’ (CO2/CH4) = -244 mV (Thauer et 
al., 1977)). According to our metabolic reconstruction (Figure 2), the mechanism 
of energy conservation in Methanoperedens is electron transport phosphorylation 
and not substrate level phosphorylation. During reverse methanogenesis, 2 mol Na+ 
per mol of methane are translocated into the cytoplasm and dissipate the proton/
sodium motive force. At the same time, electrons are transferred to the cytoplasmic 
cofactors F420, ferredoxin and CoM-S-S-CoB. F420H2 is recycled via the membrane-
bound F420H2 dehydrogenase complex and electrons are transferred to a membrane-
bound electron carrier, probably menaquinone. In Ms. mazei, two protons are 
translocated across the membrane in the course of this reaction (Bäumer et al., 
2000); as Methanoperedens probably uses the more electropositive menaquinone 
instead of methanophenazine this reaction yields a higher ΔE and subsequently may 
catalyze the translocation of up to 3 H+/2 e-. Quinols may be oxidized by the Rieske/
cytb complex that transfers electrons to pseudoperiplasmic cytochrome c; in the 
course of this reaction, usually 4 H+/2 e- are released at the extracellular side of the 
membrane via a Q-cycle mechanism (Berry et al., 2000). As for CoM-SH+CoB-SH 
and ferredoxin also cytoplasmic possibilities to be re-oxidized exist (Figure 4) it 
is unclear whether their re-oxidation is associated to a build-up of proton motive 
force. For nitrate reduction in the pseudoperiplasm, it is also not known whether this 
process is associated to the membrane and thus could contribute to the generation 
of a proton motive force. Taking together the above mentioned observations, it 
becomes clear that the oxidation of the four electrons of F420H2 reduced during 
reverse methanogenesis leads to proton translocation that by far compensates for the 
2 Na+ per mol methane that are imported during reverse methanogenesis and allows 
for the build-up of a proton motive force. This can in turn be used by an A1AO ATP 
synthase to produce ATP for cellular metabolism and growth. The c-subunit of the 
M. nitroreducens ATP synthase (MPEBLZ_01699) resembles the Methanosarcina 
acetivorans c-subunit; all residues required for Na+ and H+ binding are conserved 
(except for the replacement of Thr-67 by Ser which is a common feature of Na+ 
translocating ATP synthases) and may therefore drive ATP synthesis by both a proton 
and a sodium ion gradient (Schlegel et al., 2012).
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Supplementary materials
Supplementary figure 1: Binning plots of the Methanoperedens nitroreducens BLZ1 draft genome
Scatterplots of the contigs with sequencing depth >10 assembled from the enrichment culture metagenome. 
Each point represents one contig, with size of the point proportional to contig length. The bin representing the 
Methanoperedens nitroreducens draft genome is indicated in red. Panel A shows the GC content of the contigs 
related to Sequencing depth, whereas panel B-D show the first 3 principle components of a PCA of tetranucleotide 
frequencies of the contigs in relation to the sequence depth.
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Supplementary Figure S2: Experimental UV/Vis spectra obtained from the fractions of the HPLC 
chromatogram described in Figure 3. All but one spectrum (spectrum B, peak 2) resemble the 
menaquinone standard spectrum (compare to Figure 2B). The images in (A) to (G) refer to the peak 
numbering 1 to 7 in Figure 3. 
Supplementary Figure S2
Supplementary figure 2
Experimental UV/Vis spectra obtained from the fractions of the HPLC chromatogram described in Figure 3. All 
but one spectrum (spectrum B, peak 2) resemble the menaquinone standard spectrum (compare to Figure 2B). The 
images in (A) to (G) refer to the peak numbering 1 to 7 in Figure 3. 
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Supplementary Table 1: Analysis of the metagenome 16S rRNA gene read abundance. The two sequencing runs 
were analyzed separately (Run 1, Run 2) and the two analyses combined (Combined). The table lists read numbers 
(#) and relative amounts (per cent, %).
Taxonomy Run 1 
(read #)
Run 1 
(%)
Run 2 
(read #)
Run 2 
(%)
Combined 
read (#)
Combined 
(%)
Methylomirabilis oxyfera 576 30.7 1029 35.2 1605 33.4
Methanoperedens nitroreducens 403 21.5 649 22.2 1052 21.9
Proteobacteria 242 12.9 368 12.6 610 12.7
Chloroflexi 209 11.1 274 9.4 483 10.1
Miscellaneous 164 8.7 199 6.8 363 7.6
Bacteroidetes 121 6.4 138 4.7 259 5.4
Acidobacteria 71 3.8 132 4.5 203 4.2
Planctomycetes 38 2.0 92 3.1 130 2.7
Armatimonadetes 52 2.8 43 1.5 95 2.0
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Abstract
Acetyl-CoA is an essential intermediate for many anabolic and catabolic processes. 
In aceticlastic methanogens acetate is converted to acetyl-CoA through concerted 
function of acetate kinase and phosphotransacetylase or by a single acetyl-CoA 
synthetase (ACS). Multiple copies of acetyl-CoA synthetase in Methanosaeta sp. 
are hypothesized to be involved either in energy conservation or lipid biosynthesis. 
Anaerobic methanotrophic archaea (ANME) of clade 2 are distant relatives of 
methanogens and oxidize methane through (reverse) methanogenesis. Since the 
discovery of ANME, several genomic studies have speculated about the potential 
routes of (reverse) methanogenesis in anaerobic methanotrophs. The absence of 
specialized genes encoding for methyl transferases and hydrogenases in ANME-
2 metagenomes made the possibility of hydrogenotrophic and methylotrophic 
methanogenesis very unlikely. However, metagenomes of ANME-2a and 2d archaea 
encode acetyl-CoA synthetase genes, suggesting an acetate activation mechanism 
similar to Methanosaeta sp. In this study, characterization of putative acs genes 
from ANME-2a and ANME-2d archaea was performed. The amino acid sequence 
analysis suggests that both ACS are AMP-forming. The two ACS enzymes were 
subsequently obtained through heterologous expression in E. coli and purification by 
affinity chromatography via a Strep-tag. ACS activity was highest for acetate, and 
only propionate was activated from all the small organic acids tested. ANME-2a ACS 
converted acetate at a rate of 2.4 µmol.min-1.mg-1 which was 55 % higher than the 
ANME-2d ACS conversion rate (1.1 µmol.min-1.mg-1). Interestingly, pyrophosphate 
(PPi), an intermediate of the AMP-forming ACS reaction, could not be detected 
during activity assays. Nevertheless, the presence of a single copy acs gene in 
ANME-2 archaea and its acetate specific activation suggested its involvement in 
carbon assimilation rather than a role in energy conservation. 
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Introduction
Acetate is a short chain fatty acid, found in fairly abundant amounts in natural 
anaerobic environments as diverse as soils and the gastrointestinal tracts of animals, 
including humans. Prior to metabolic utilization all micro and macro organisms must 
activate acetate. Prokaryotic organisms have evolved several mechanisms to perform 
activation of acetate into acetyl-CoA (Starai and Escalante-Semerena, 2004). The 
acetyl-CoA synthetase (ACS) enzyme catalyzes the formation of acetyl-CoA from 
acetate, Co-enzyme A and ATP. Acetyl-CoA synthetase (ACS: also known as acetate-
CoA ligase or acetate activating enzyme) is a key enzyme of carbon metabolism in 
Bacteria, Archaea and Eukarya. Acetyl-CoA is an essential precursor for biosynthesis 
of glucose, fatty acids and cholesterol and also plays a important role in several 
catabolic processes. As a consequence, the ACS bio-catalytic activity is crucial in 
maintaining the required levels of acetyl-CoA in almost all living beings (Starai and 
Escalante-Semerena, 2004; Wolfe, 2005; Ingram-Smith et al., 2006; Reger et al., 
2007; Watkins et al., 2007). Till to date, two forms of the ACS enzyme are known: 
the ADP-forming ACS (EC 6.2.1.13), which catalyzes the reaction of acetate + ATP 
+ CoA ↔ ADP + acetyl-CoA + orthophosphate usually involved in the formation 
of acetate; and the AMP-forming ACS (EC 6.2.1.1), which catalyzes the reaction 
ATP + acetate + CoA ↔ AMP + pyrophosphate + acetyl-CoA responsible for the 
activation of acetate to acetyl-CoA (Schafer et al., 1993). ADP-forming ACS has 
only been found in some archaeal lineages belonging to halophiles and thermophiles 
and in anaerobic protists (Reeves et al., 1977; Lindmark, 1980; Sánchez et al., 
2000) while AMP-forming ACS is distributed across all three domains of life and 
serves as a predominant acetate activating enzyme. Similar to the two step reaction 
mechanism of acyl-adenylate enzyme super family, AMP-forming ACS reaction 
produces enzyme-bound acetyl-AMP and pyrophosphate as intermediates during the 
first step, which is followed by the production of acetyl-CoA, and AMP in the final 
step (Berg, 1956a, 1956b; Leslie T. Webster and Arsena, 1963; Anke and Spector, 
1975; Babbitt et al., 1992). Both AMP and ADP-forming ACS encoding genes are 
found in several archaea which are able to utilize acetate as a carbon and energy 
source. ACS activity was first detected in the archaeon Methanothermobacter 
marburgensis, a thermophilic chemolithoautotrophic methanogen that is able to 
utilize H2/CO2 as sole carbon and energy source (Zeikus and Wolfe, 1972; Oberlies 
et al., 1980). Interestingly, M. marburgensis can utilize acetate for cellular biomass 
synthesis irrespective of H2/CO2 presence (Fuchs et al., 1978; Oberlies et al., 1980). 
Even though genes predicted to encode for ACS enzymes are widely distributed 
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among archaea, only a few have been biochemically characterized. In 1989, Jetten 
et al. purified and characterized the very first archaeal ACS from Methanothrix 
soehngenii. Later studies established that acetyl-CoA synthetase is the first enzyme 
in the activation of acetate to acetyl-CoA during methanogenesis in the obligate 
aceticlastic methanogens Methanosaeta sp. (Jetten et al., 1989; Teh and Zinder, 
1992), whereas in a second genera of aceticlastic methanogens, Methanosarcina sp., 
acetate activation to acetyl-CoA happens through a concerted action of acetate kinase 
and phoshotransacetylase (Welte and Deppenmeier, 2014). This route of acetyl-CoA 
synthesis is adapted to high (≥ 10mM) acetate concentrations, while ACS activation 
is the preferred route for relatively low environmental acetate concentration (≤ 1mM 
acetate) (Starai and Escalante-Semerena, 2004). 
The aceticlastic methanogen Methanosaeta encodes multiple copies of the acs gene 
(Ingram-Smith and Smith, 2007; Berger et al., 2012), which are either involved in 
central carbon metabolism, i.e. lipid metabolism, or aceticlastic methanogenesis. 
Methanosaeta sp. belong to the class II methanogens of the order Methanosarcinales 
and are phylogenetically related to anaerobic methanotrophic (ANME) archaea 
(Hinrichs et al., 1999; Boetius et al., 2000a) within the phylum Euryarchaeota 
(Borrel et al., 2016). Until now, three distinct clades of ANME archaea have been 
reported, ANME-1, ANME-2 and ANME-3 (Knittel and Boetius, 2009). The 
ANME-2 clade methanotrophs are particularly interesting due to their apparent 
metabolic flexibility with respect to the use of different electron acceptors. Members 
of the ANME-2 clade couple the anaerobic oxidation of methane to the reduction 
of sulfate, nitrate or oxidized metal ions (Raghoebarsing et al., 2006; Milucka et 
al., 2012; Haroon et al., 2013; Ettwig et al., 2016a; S. Scheller et al., 2016). In 
recent years, several meta-omics studies have unravelled the underlying methane-
oxidation pathway and energy conservation models of ANME-2 archaea (Haroon 
et al., 2013; Wang et al., 2014; Arshad, Speth, de Graaf, et al., 2015; Vaksmaa et 
al., 2017) In ANME-2 archaea methane is activated through methyl-CoM reductase 
and subsequently undergoes complete oxidation via (reverse) methanogenesis. The 
evidence of complete and functioning anaerobic oxidation of methane (AOM) in 
ANME-2a and ANME-2d have been provided by (Haroon et al., 2013; Wang et al., 
2014). Additionally, the genes for energy conservation and electron transportation 
including F420H2 dehydrogenase (Fpo), the cytoplasmic and membrane-bound 
heterodisulfide reductases, and cytochrome c proteins are encoded and expressed 
in ANME-2a and ANME-2d genomes (Wang et al., 2014; Arshad, Speth, de Graaf, 
et al., 2015). The metabolic pathway reconstruction approach for ANME archaea 
has provided an increased understanding of the underlying biochemical processes 
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and metabolic capacity in different habitats. Nevertheless, many questions regarding 
metabolic versatility of ANME archaea remain elusive. For instance, it has long been 
speculated whether ANME archaea can display methanogenic activity (Lloyd et al., 
2011; Timmers et al., 2017). Hydrogenotrophic and methylotrophic methanogenesis 
requires dedicated enzymes such as hydrogenases and methyl-transferases, 
respectively (Krzycki, 2004; Thauer et al., 2010), that are absent from ANME-2 
genomes. However, ANME-2a and ANME-2d genomes do encode the acetate 
activating enzyme acetyl-CoA synthetase and their physiological function remains 
unknown (Wang et al., 2014; Arshad, Speth, de Graaf, et al., 2015). Thus, during 
this study we focused on functional expression and characterization of putative ACS 
enzymes from two clades of anaerobic methanotrophs, ANME-2a and ANME-2d, 
which represent the only acetate activating enzymes encoded in (meta) genomes of 
these ANMEs. To investigate the substrate specificity and kinetic properties of the 
putative ACS enzymes, the acs genes were overexpressed in E. coli Bl21 (DE3-star). 
In vitro colorimetric assays revealed successful acetate conversion to acetyl-CoA by 
both ACS from ANME-2a and ANME2d archaea. This is the first time that proteins 
from ANME archaea could be purified and consequently functionally characterized 
from a heterologous host. Insights into substrate spectrum and kinetic properties 
could provide information that may help to understand the carbon assimilation 
metabolism in marine and freshwater ANME archaea.
   
Material and methods
Identification and phylogenetic analysis of putative ACS enzymes 
ACS genes from ANME-2d (MPEBLZ_01103, 1959 bp; (Arshad, Speth, de Graaf, 
et al., 2015)) and ANME-2a (IMG/N Gene ID 2566126471ANME-2a2_03215, 1965 
bp (Wang et al., 2014)) archaea were translated into protein sequences and analysed 
using BlastP. The two protein sequences were aligned together with well investigated 
representatives (most diverse members) and the full set of the conserved protein 
domain family (acetyl-CoA synthetases, cd05966). Alignments and phylogenetic 
analyses were performed using MEGA6 (Tamura et al., 2013).
Cloning into expression vectors
ACS genes from ANME-2d (MPEBLZ_01103, 1959 bp) and ANME-2a (IMG/N 
Gene ID 2566126471, 1965 bp) archaea were codon optimized and synthesized 
for expression in Escherichia coli. The target genes were delivered in pUC57Kan 
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plasmids (Baseclear, Leiden, The Netherlands). The delivery vectors were propagated 
in Xl-1 blue cells and glycerol stocks of carrier strains containing synthetic genes were 
generated and stored at -80ºC. BsaI restriction endonuclease sites were inserted on 
each end of the gene by PCR and enabled the cloning of inserts into pASK-IBA3+ AMP 
expression vectors (IBA GmbH, Gottingen, Germany). The target vector encoded a 
ribosomal binding site and a Strep-tag II at the C-terminus of the recombinant protein. 
The recombinant ACS-pASK-IBA3+ plasmids were transformed into E. coli Bl21 
(DE3) Star. The glycerol stocks used for heterologous expression were stored at -80ºC. 
Heterologous expression and purification 
Cells were grown in modified maximal induction medium (Mott et al., 1985) 
supplemented with M9 salts, 0.1 mM CaCl2, 1 mM MgSO4 and 1 µM ammonium 
iron(III) citrate. Ampicillin (100 µg/ml) was added for plasmid maintenance. 
Cultures were grown aerobically at 37ºC to an OD600 between 0.4-0.6; the target 
protein expression was induced by addition of anhydrotetracycline (200 ng/
ml). Cell growth was allowed for another 3-4 h followed by harvesting of the 
biomass through centrifugation at 5000 rpm for 15 minutes. The cells were lysed 
by mechanical disruption through French pressure treatment. Three cycles of 
cell disruptions were performed to ensure a more efficient cell lysis. The soluble 
protein fraction was separated by centrifugation at 14,000 rpm for 20 minutes at 
4ºC. The protein purification by Strep-tactin affinity chromatography was performed 
with the supernatant of the previously mentioned centrifugation, according to the 
manufacturer’s instructions (IBA GmbH, Gottingen, Germany). Eventually, purified 
protein fractions were collected and protein content was quantified through the 
Bio-rad protein determination assay that is based on the Bradford method (Bio-rad, 
California, USA). The absorbance was recorded at 595 nm using a SpectraMax 190 
microplate reader (Molecular devices, USA). A standard curve using bovine serum 
albumin was used for comparison. The purified protein fractions were aliquoted in 
25-50 µl volumes and stored at -80ºC until further use. 
Protein visualisation
SDS-PAGE was performed according to (Laemmli, 1970) with a 4 % stacking gel 
and 10 % resolving gel. 4x SDS loading buffer (250 mM Tris-Cl pH 6.8, 8% SDS, 
40% glycerol, 20% β-mercaptoethanol, 0.02% bromophenol blue) was used to dilute 
the protein samples. Prior to loading, the samples were boiled at 95ºC for 10 minutes. 
Molecular masses of proteins were determined by comparison with a molecular mass 
standard. The proteins were visualized through Coomassie staining. 
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Enzyme assays
The formation of acetyl-CoA from acetate was determined through a discontinuous 
colorimetric assays adapted from (Jones and Lipmann, 1955; Brown et al., 1977). 
The assay mixtures for ANME-2d ACS and ANME 2a ACS were routinely performed 
in a total volume of 200 µl at 37 ºC. In brief, formation of acetyl-CoA from acetate, 
ATP and CoA was measured by production of a Fe3+-acetyl hydroxamate complex. 
The absorbance was recorded at 520 nm. The assay mixture per reaction contained 
50 mM Tris/HCl (pH 8.1), 100 mM hydroxylamine hydrochloride (pH 7.5), 5 mM 
MgCl2, 20 mM sodium acetate, 6.7 mM CoA tri-lithium salt, 10 mM ATP, 10 mM 
glutathione, and purified enzyme. The reaction was stopped by adding 1:1 volumes 
of 10 % TCA and 2.5 % FeCl3. This assay was used to determine the specific activity 
and Km values of both ACS enzymes for acetate. One unit was defined as one µmol 
of acetyl produced per minute. Quantification was done through standard curves (0-2 
mM) of lithium potassium acetyl phosphate.
Results and discussion
Phylogeny of acetate activating archaeal enzymes
The amino acid sequence of the two acetyl-CoA sythetase (ACS) enzymes from 
anaerobic methanotrophs belonging to the ANME-2a and ANME-2d clades were 
analysed in detail. According to BLAST searches, the ANME-2d enzyme showed 
79 and 81% identity, respectively, to two sequences of the closely related anaerobic 
methanotroph Ca. Methanoperedens nitroreducens (Haroon et al. 2013) and 65-69% 
identity to bacteria from different phyla. The ANME-2a enzyme showed highest 
identity (55-65%) to euryarchaeal methanogens. Phylogenetic analysis (Fig. 1) 
confirmed clustering of the ANME-2a enzyme with ACS of Euryarchaeota while 
the ANME-2d enzyme seemed to form a separate cluster with two putative ACS 
proteins from M. nitroreducens. The other closest relatives of ANME-2d ACS 
were sequences from members of the Proteobacteria and Eukarya which formed 
the neighbouring cluster. Additionally, in depth phylogenetic analysis revealed the 
exact placement of ANME-2a ACS among Euryarchaeota (Supplementary Fig. S1). 
Archaeoglobus sulfaticallidus, Thermoplasmatales and ANME-2a ACS formed one 
cluster adjoining the well-investigated ACS containing Methanothermobacter sp. 
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Figure 1: Phylogeny of acetyl-CoA synthetase (AMP-forming) homologues. The neighbour-joining tree was 
estimated by the MEGA 6 software package. Values at the internal nodes represent bootstrap values based on 1000 
iterations.
The distant clustering of both enzymes suggested low sequence homology among 
ANME-2a and ANME-2d ACS enzymes. However, the ubiquitous nature of acs 
genes suggests that the ACS enzyme is well conserved. We performed an amino 
acid sequence comparison to obtain an overview of the catalytic properties of both 
ANME ACS enzymes. Based on protein domain inquiry, both protein sequences 
clearly belong to the acetyl-CoA synthetase conserved domain family ACS (cd5966). 
An alignment of the most diverse members of this family with our sequences is 
shown in Fig. 2. The active site residues responsible for acyl substrate affinity remain 
highly conserved throughout different organisms. Studies featuring the ACS of 
Methanothermobacter thermautotrophicus have demonstrated that the acyl substrate 
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selection and affinity is influenced by the four highly conserved residues Ile312, Thr313, 
Val388 and Gly389 (Ingram-Smith et al., 2006). Amino acid sequences of ANME-2a 
and 2d ACS revealed the presence of these residues  Ile317,318, Thr318,319, Val393,394 
and Gly394,395, respectively (Fig. 2). Moreover, the presence of the acetate activating 
residue Trp421,422 further suggests a substrate preference of ANME-2a and 2d ACS 
towards acetate. Additionally, the residues involved in AMP and CoA binding could 
be identified together with the acyl-activating enzyme (AAE) consensus motif. The 
conserved AMP binding site hinted towards the AMP-forming catalytic nature of 
both ANME ACS enzymes. Similar to previous studies, we found many conserved 
regions throughout the length of ACS proteins that are all approximately the same 
size (70 kDa). Such conservation of size might suggest that the present form of ACS 
is probably a sufficient structure required to catalyse the two half reactions of AMP-
forming ACS (Starai and Escalante-Semerena, 2004). 
Heterologous expression and characterization of the two ACS enzymes
The ACS proteins from ANME-2a and ANME-2d were both successfully produced 
in E. coli and subsequently purified using the C-terminally fused Strep tag and 
affinity chromatography (Supplementary Fig. 1). Only one enriched band of each 
target protein was visible at the expected mass (70 kDa). The purified enzymes were 
tested for substrate specificity and characterised regarding kinetic properties. For the 
substrate specificity assays, several small organic acids (acetate, propionate, formate, 
and butyrate) were tested. Acetate activation enzymes that are used for central energy 
metabolism typically exhibit a very narrow substrate spectrum with acetate as the 
only relevant substrate whereas enzymes that are involved in carbon metabolism/
assimilation, i.e. lipid formation, have a more versatile substrate spectrum. When the 
activities of both ACS enzymes were compared, it became apparent that the acetate 
conversion rate by the ANME-2d ACS was 45% lower than that measured for the 
ANME-2a ACS (Table 1, Supplementary Fig. 2). It was found that the ANME-2d 
ACS only catalysed the activation of acetate with a specific activity of about 1.1 U/
mg, with no detectable activity towards the other small organic acids. The enzyme 
from ANME-2a, in contrast, showed highest activity with acetate (2.4 U/mg) but 
exhibited still about 30% of the activity of acetate conversion towards propionate 
conversion. Both ACS enzymes did not activate formate or butyrate (Table 1).
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Table 1: Specific activity of the purified ACS enzymes N.D = Not detected
Substrate ANME-2d ACS ANME-2a ACS
Rate (µmol.min-1.mg-1) Rate (µmol.min-1.mg-1)
Acetate 1.10 2.41 
Propionate N.D 0.72
Formate N.D N.D
Butyrate N.D N.D
Propionate conversion by other ACSs has been reported at a significantly lower 
specific activity (Jetten et al., 1989; de Cima et al., 2007; Ingram-Smith and Smith, 
2007). 
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The characterized ACS from Methanothermobacter thermautotrophicus has a strong 
preference for acetate while propionate is the only other acyl substrate that can be 
utilized. In M. thermautotrophicus, the Trp416 residue determines ACS substrate 
specificity and range therefore, this Trp residue remains conserved among ACS 
enzymes across microorganisms with the exception of Methanosaeta thermophila 
and Methanosaeta concilii, which both have Phe at the corresponding position 
(Ingram-Smith et al., 2006). The Trp421, 422 residues in ANME-2a and ANME-2d 
ACS respectively, are also conserved (Fig. 2) supporting that these enzymes exhibit 
strong preference towards acetate (Table 1). However, conversion of long chain 
substrates has been shown by archaeal ACS enzymes in Archaeoglobus fulgidus 
(ACS2) and Pyrobaculum aerophilum (Bräsen et al., 2005; Ingram-Smith and 
Smith, 2007). Interestingly, the active site residues are well conserved in the ACS 
from Archaeoglobus fulgidus, yet it has been shown that this enzyme can utilize 
isobutyrate, butyrate and propionate in addition to acetate (Ingram-Smith et al., 
2006). In the present study, ANME-2a ACS converted 0.72 U/mg propionate, which 
is only 30 % of the conversion rate compared to acetate. According to phylogenetic 
analysis, ANME-2a ACS was most identical to the archaeal proteins belonging to 
Euryarchaeaota while ANME-2d ACS formed a separate cluster with ACS from Ca. 
Methanoperedens nitroreducens which was adjacently located with the cluster from 
proteobacteria ACS (Fig. 1). Possibly, ANME-2a ACS affinity towards other organic 
acids could be explained through its archaeal origin. Similarly, the placement of 
ANME-2d ACS within the ACS phylogeny (Fig. 1) revealed that it had a bacterial 
origin and also did not convert any organic acids other than acetate, which is a 
known trait of bacterial ACS. Only recently, ACS (cd05969) found in the bacterium 
Kuenenia stuttgartiensis was shown to convert other organic acids besides acetate. 
Later, the amino acid sequence analysis revealed that the typically conserved Ile312 
residue in the acetate binding pocket was substituted by a Val residue, which caused 
this broader substrate affinity (Russ et al., 2012). Contrary to K. stuttgartiensis, 
conservation of Ile319 residue in the ANME-2d ACS suggests a more limited capacity 
of this enzyme towards utilizing longer chain organic acids. 
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Figure 3: Rate dependence of ANME-2a (A) and ANME-2d (B) ACS activity at different acetate concentrations. 
Furthermore, the acetate Km values were estimated at 0.13 ± 0.01 and 0.20 ± 0.07 
mM for ANME-2d and ANME-2a ACS, respectively (Fig. 3). Both values are within 
the range of other described ACS enzymes (0.003-1.2 mM) (Bräsen et al., 2005; Li 
et al., 2011). We were not able to measure pyrophosphate (PPi) as reaction product in 
assays with either ANME-2a or ANME-2d. Pyrophosphate is produced during first 
half reaction of AMP-forming ACS and according to the current understanding of the 
acetate activating reaction in Methanosaeta sp. the pyrophosphate is hydrolysed by a 
pyrophosphatase to shift the overall reaction equilibrium towards product formation 
(Jetten et al., 1992). The aforementioned amino acid sequence analysis revealed that 
AMP-binding sites were present and conserved in both ACS enzymes (Fig. 2).
This observation strengthened the notion that both ACS belong to the AMP-forming 
and not the ADP-forming class. Interestingly, the positive control, a commercially 
available AMP-forming ACS from S. cerevisiae, showed PPi formation (data 
not shown) which demonstrated the functionality of our PPi detection method. 
Nevertheless, failure to determine PPi during ANME-ACS catalysed in vitro assays 
could be due to direct hydrolysis of PPi by an undetectable contaminant. We identified 
a membrane-bound proton translocating pyrophosphatase in the ANME-2d genome 
(MPEBLZ_02932). Additionally, pyrophosphatase activity of E.coli, the expression 
host, could not be completely ruled out. The membrane bound pyrophosphatases are 
known to maintain a considerable proton motive force under low energy situations 
(Nyren and Strid, 1991). A similar role of pyrophosphatase was suggested in Mt. 
concilli (Jetten et al., 1992). However, a recent study revealed that the Methanosaeta 
genome lacked genes encoding a membrane bound pyrophosphatase falsifying the 
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before mentioned hypothesis (Berger et al 2012). Therefore, Berger et al. reevaluated 
the acetate activation reaction in Mt. thermophila and further speculated about the 
role of PPi in energy conservation. One possible scenario of PPi utilization could 
require coupling of PPi hydrolysis to the phosphorylation of cellular compounds 
thereby producing energy-rich intermediates for biosynthesis (Berger et al., 2012). 
However, the complete fate of PPi generated during the AMP-forming ACS 
reaction in Methanosaeta is not yet clear. Whether complete PPi hydrolysis by 
pyrophosphatases happens for simply shifting the reaction equilibrium or a partial 
amount is used for the phosphorylation reaction in Mt. thermophila needs further 
investigation. The confirmation of the role of PPi in aceticlastic methanogens would 
also provide further insight into the role of this energy-rich molecule in ANME 
archaea. 
This study provided the very first functional evidence of putative ACS in ANME 
archaea. Previously,  
Wang et al., 2014 highlighted the genomic presence of Acd along with ACS 
enzymes in ANME-2a and presented a metabolic scheme for acetate production 
and reutilization by ANME-2a archaea and their syntrophic partners, the sulfate 
reducing bacteria. The genome of Methanosaeta thermophila encodes five copies of 
ACS (Berger et al., 2012). Four copies encoded an AMP-forming and one an ADP-
forming ACS. The AMP-forming ACS of Methanosaeta sp. involved in aceticlastic 
methanogenesis requires the hydrolysis of ATP to AMP and pyrophosphate and 
subsequent non-coupled hydrolysis of pyrophosphate to phosphate, effectively 
utilizing two ATP equivalents for acetate activation. This greater energy investment 
in comparison to the ACK-PTA enzyme system employed by Methanosarcina sp. 
results in a much higher specificity and therefore lowered substrate threshold for 
Methanosaeta (Welte and Deppenmeier, 2014). Contrary to the AMP-forming ACS, 
the expression level of the putative ADP-forming ACS was reported to be very low 
during the exponential growth phase. Hence, the role of this putative ADP-forming 
ACS remains elusive (Berger et al., 2012). The presence of multiple copies of 
the ACS gene in Methanosaeta sp. is attributed towards their role in aceticlastic 
methanogenesis or lipid metabolism. In archaea, isoprenoid precursor compounds 
are utilized for synthesis of ether-linked membrane lipids that are structurally very 
different from the membrane lipids of bacteria and eukaryotes (Sehgal et al., 1962; 
Kates et al., 1963, 1966; De Rosa et al., 1982; Koga et al., 1993). The hydrophobic 
segments of archaeal membrane lipids constitute chains of isoprene molecules with 
regularly branching methyl groups (Matsumi et al., 2011). Archaeal isoprenoid 
molecules are synthesized through the mevalonate pathway. This pathway consists of 
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seven enzymatic reactions and converts acetyl-CoA to isopentenyl diphosphate (IPP) 
and its isomer dimethylallyl diphosphate (DMAPP). Hence, acetyl-CoA generated 
through acetate activation by ACS remains indispensable for lipid biosynthesis in 
archaea. 
Interestingly, based on the habitat and environmental conditions, the archaeal 
membrane lipid composition varies significantly. Experimental evidence suggests 
that in Euryarchaeota and Crenarchaeaota ether-linked isoprenoid membrane lipids 
are best suited to support growth under extreme conditions (Komatsu and Chong, 
1998; Brown et al., 2009; Chong, 2010). However, no strict correlation has been 
established between an extremophilic lifestyle and ether-linked isoprenoid lipids, 
as non-extremophilic Euryarchaeota have been known to contain same ether-linked 
membrane lipids as well (Matsumi et al., 2011). 
Based on genomic evidence, ANME-2a and ANME-2d archaea contain mechanisms 
of acetate activation similar to Methanosaeta sp. (Wang et al., 2014; Arshad, Speth, 
de Graaf, et al., 2015). However, unlike Methanosaeta sp. both ANME archaea do 
not harbour multiple ACS copies. Therefore, the acetate activating ACS enzymes 
characterized in this study are more likely to be involved in production of acetyl-
CoA for cellular carbon assimilation. Wang et al., 2014 already speculated that 
ANME-2a ACS could catalyze the integration of acetate into biomass via acetyl-
CoA synthesis at the cost of ATP as many methanogens do when acetate is available 
in the medium (Jetten et al., 1990). Future studies could use 13C labelled acetate in 
combination with metabolome and lipid analysis to investigate whether acetate is 
indeed incorporated into ANME biomass. Further analysis including Km values for 
ATP, along with utilization or production of ATP will further elucidate the role of 
ANME-2a and 2d ACS enzymes in biomass assimilation. Finally, identification and 
characterization of lipid biosynthesis pathways in ANME-2a and ANME-2d archaea 
would provide substantial insights regarding the role of ACS.   
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Supplementary materials
Supplementary Fig 1: The strep-tag purified acetyl-CoA synthetase was separated on a 10% SDS-PAGE. The 
band at about 70 kDa represents the ACS proteins. Approx. 2 µg protein was applied for each sample. M: Marker   
1: E. coli cell free extract (ANME-2d) 
2: ANME-2d ACS purified 
3: empty  
4:E. coli cell free extract (ANME-2a) 
5: ANME-2a ACS purified
Supplementary Fig 2: Acetate specific activity of ANME-2a and ANME-2d acetyl-CoA synthetase. (♦) represent 
acetate conversion activity by ANME-2a ACS. ( ) represent acetate conversion profile by ANME-2d ACS.
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In the (anaerobic) carbon, nitrogen and sulfur elemental cycles, microorganisms can 
be both sources and sinks for greenhouse gases. The studies described in this thesis 
were aimed at extending our knowledge of microbial cooperation and competition 
of carbon, nitrogen and sulfur cycling in hypoxic environments. Nitrate and to some 
extent nitrite are common constituents at oxic/anoxic interfaces where ammonium, 
produced from hydrolysis of dead biomass diffuses upwards from deeper anoxic 
layers and gets oxidized with oxygen diffusing from top layers. Here, methane can 
be used as a suitable electron donor to sustain microbial populations of nitrate/nitrite 
dependent anaerobic methane-oxidizing microorganisms. Furthermore, availability 
of ammonium and nitrate suggests the presence of other heterotrophic/autotrophic 
denitrifiers and anammox bacteria as additional competitors. Hence, the findings 
presented in this thesis contribute to an improved understanding of metabolic 
cooperation and competition among microorganisms as one of the main drivers that 
shape microbial communities in natural ecosystems. Furthermore, the knowledge 
obtained during these investigations might be relevant for making wastewater 
treatment applications more sustainable.  
Microbial interactions 
The very first evidence of nitrate-reduction coupled to anaerobic methane oxidation 
(AOM) was obtained from freshwater canal sediments (Raghoebarsing et al., 2006). 
Archaea very similar to those found in these enrichments were characterized in an 
independent enrichment culture which contained a mixture of freshwater sediments 
and anaerobic wastewater sludge (Haroon et al., 2013). Although both enrichment 
cultures had different inoculation sources, the reduction of nitrate showed quite 
similar physiology: nitrate was reduced to nitrite in combination with methane being 
oxidized, while nitrite was further reduced to N2 either with methane or ammonium 
as electron donor. The successful cultivation of these anaerobic methanotrophic 
archaea (ANME-2d) with different bacterial partners, either Ca. M. oxyfera or 
anammox bacteria suggests that they do not require as selective a partnership as 
their marine ANME counterparts. ANME-2d archaea instead require a physiological 
partner capable of rapidly removing toxic nitrite produced during the nitrate-AOM 
reaction. The occurrence of the physiological partner is not solely dependent on the 
availability of nitrite, as an array of different factors may contribute to this selection, 
e.g. availability and quantities of the suitable electron donor have been shown 
to determine the dominant physiological partner  (Haroon et al., 2013; Hu et al., 
2015). The feasibility of enriching a co-culture of Ca. M. oxyfera and anammox 
bacteria without nitrate reducing ANME-2d has been successfully investigated for 
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wastewater treatment applications (Luesken et al., 2011). However, in a similar 
investigation when ammonium was supplied in excess of the rate of nitrite reduction, 
anammox bacteria outcompeted Ca. M. oxyfera, as anammox bacteria have a better 
substrate affinity for nitrite (Hu et al., 2015). These findings could not be interpreted 
to anammox activity in natural ecosystems, as anammox bacteria mostly encounter 
ammonium limiting conditions close to oxic/anoxic interfaces. 
In addition to laboratory studies under controlled settings, numerous environmental 
surveys have confirmed the presence of denitrifying AOM microorganisms and 
anammox bacteria in freshwater, brackish or coastal, and marine ecosystems (see 
Welte et al., 2016 for review). In aforementioned environments, the presence 
of organic carbon or reduced sulfur compounds as electron donors creates a 
competition for nitrate utilization. A low carbon to nitrogen load would clearly 
yield a competitive advantage for heterotrophic denitrifiers, whereas higher C/N 
ratio (i.e. nitrate limitation) is shown to favour DNRA (Kraft et al., 2014; van den 
Berg et al., 2015). Sulfide on the other hand can either be a good electron donor 
for denitrification and DNRA, or a strong inhibitor for anammox and nitrous 
oxide reductase. To disentangle the possible microbial interactions, we studied the 
feasibility of nitrate reduction through sulfide dependent autotrophic denitrification 
and AOM together in enrichment culture (Chapter 2 and Chapter 3), as all these 
chemolithoautotrophs require nitrate as electron acceptor and create a three way 
link between carbon, nitrogen and sulfur biogeochemical cycles. Similar to nitrate-
AOM, sulfide dependent autotrophic denitrification have also been shown to support 
anammox activity (Haroon et al., 2013; Russ et al., 2014; Hu et al., 2015). However, 
investigations of the aforementioned metabolic cooperation were performed under 
freshwater and marine conditions respectively. Although these reports provide an 
insight into formation of microbial interactions the growth conditions provided 
were only suitable for microbial interactions among carbon and nitrogen or nitrogen 
and sulfur biogeochemical cycles. The evaluation of the here discussed microbial 
processes suggests the possibility of an overlap between carbon, nitrogen and sulfur 
cycling in natural ecosystems. The research presented in Chapter 2 and Chapter 3 
of this thesis addressed several underlying questions behind microbial cooperation 
and competition. Hereafter the findings of these investigations are discussed and 
directions for future studies are proposed. 
Metabolic cooperation and competition in a reactor model system
To study the microbial interactions in natural ecosystems is challenging as they might 
be limited to very specific zones or depths in the sediments/interfaces and would 
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require sophisticated high resolution methods to visualize the exchange of substrates. 
The occurrence of other unrelated microbial processes will make these investigations 
even more complicated. Therefore, we chose to mimick these microbial interactions 
in a continuous bioreactor system. This allowed us to follow the physiological and 
molecular responses of the key members of the enrichment culture under selected 
growth conditions (brackish or coastal sediment, 1% NaCl) over a long period of 
time. After one year of operation we could show that a stable microbial community 
in the bioreactor metabolised all substrates and it was possible to attribute tentative 
removal rates to different physiological groups. Nitrogen loss in the form of N2 
was due to the activity of anammox bacteria, sulfide-dependent denitrifiers and the 
combined activity of nitrate and nitrite dependent anaerobic methanotrophs (Chapter 
2). Besides competition and collaboration for substrates, the microbial community 
in the bioreactor was dependent on the removal of intermediates that might have a 
toxic effect. It has been demonstrated previously that anammox bacteria are sensitive 
to sulfide stress (Russ et al., 2014) with maximum tolerance concentration of 10 
µM. Thus, anammox bacteria were dependent on the sulfide-oxidizing autotrophic 
denitrifiers to regulate sulfide concentrations. On the other hand, it seemed that sulfide 
stimulated growth of Ca. M. nitroreducens, presumably through the maintenance of 
low redox potential and strictly anoxic conditions, as these methanotrophs rely on 
enzymes that are readily inactivated by oxygen. 
A thorough determination of anammox, autotrophic denitrifiers and anaerobic 
methanotrophs cooperation and competition suggested an added value for 
demonstrating the recycling of fixed nitrogen on a larger scale. Furthermore, stable 
enrichment of microorganisms found in either freshwater or marine environments 
or both under here studied estuarine growth conditions highlights the remarkable 
adaptability of microorganisms in nature. Our findings provide strong indications 
for an expanded ecophysiology of these microorganisms. Ultimately, the quest 
for finding suitable ecosystems and showing that such interactions plays a role in 
nature and carry a significant environmental relevance should be pursued in further 
studies. The ecosystems where mineralisation products such as ammonium, and 
methane would be present along with nitrate could be suitable natural habitats for 
these microbial interactions. Besides analysing the contribution and enrichment of 
known microorganisms we enriched a novel Nitrospirae bacterium, which was only 
distantly related to Thermodesulfovibrio that are frequently found in environments 
containing sulfur, nitrogen and methane cycling. The newly enriched microorganism 
was assigned the name Candidatus Nitrobium versatile due to its versatile metabolic 
capacity predicted by a metagenome-assembled genome analysis. The 16S rRNA gene 
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sequence inquiry provided further clues about potential habitats of this Nitrospirae 
bacterium. In future, development of molecular tools such as 16S rRNA primers and 
fluorescence in situ hybridization (FISH) probes specific for Ca. N. versatile would 
facilitate the identification of its environmental habitats. After showing that these 
interactions are feasible, the dynamics of such interactions could be investigated 
in more detail. Therefore, we applied nutrient limiting conditions in the follow up 
study to further test the stability of this enrichment culture (Chapter 3). The findings 
revealed that different physiological conditions might be more suitable for Ca. M. 
nitroreducens to perform dissimilatory nitrate reduction to ammonium (DNRA). 
The DNRA capability of Ca. M. nitroreducens is hypothesized as a detoxification 
mechanism against nitrite. Therefore, high nitrate concentrations with limited 
ammonium supply to nitrate-AOM, anammox enrichment culture might enhance 
possibility of DNRA by Ca. M. nitroreducens. In addition, future research should 
focus on re-enrichment of Ca. Nitrobium versatile by restoring the nutrient supplies 
as provided in Chapter 2. This would provide a direct proof of a possible link between 
the amendment (ammonium-limitation) in mineral medium and disappearance of 
Ca. N. versatile. Consequently, the metabolic potential of Ca. N. versatile needs 
to be investigated in highly enriched or pure cultures and therefore, future studies 
should include batch activity setups in combination with selected substrates. 
Metabolic versatility of anaerobic methanotrophic archaea
Discovered around the turn of this century, ANME archaea are considered crucial 
regulators of the methane cycle in sub-oxic and anoxic environments. So far attempts 
of isolating ANME archaea in a pure culture have been unsuccessful, and slow 
growth further contributes to the challenges for biochemical research that requires 
large amounts of biomass. Nonetheless, several meta-genomic and transcriptomic 
studies have provided blueprints of the putative metabolism of ANME archaea. 
These metabolic reconstructions are largely based on extrapolation of physiological 
and genomic knowledge of methanogens (close phylogenetic relatives of ANME 
archaea), which have been thoroughly studied for decades (Thauer, 1998; Thauer 
et al., 2008; Buckel and Thauer, 2013; Welte and Deppenmeier, 2014). ANME 
archaea share the central carbon metabolism with methanogens with a reversal 
of physiological functions. Thus, key questions to address in the context of their 
physiology are, how energy is conserved through reverse methanogenesis, and how 
electrons derived from methane oxidation in the cytoplasm are transferred to either 
enzyme complexes in the pseudoperiplasm or to associated bacterial partners.  
A (meta)-genome based metabolic model for nitrate-driven anaerobic oxidation of 
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methane (AOM) presented in Chapter 4, addresses the aforementioned questions. 
Nitrate-AOM performing ANME-2d related Ca. Methanoperedens archaea do 
not require any bacterial partner for energy conservation, instead electrons are 
transferred to a membrane bound nitrate reductase complex. Previously, syntrophic 
coupling through diffusible molecules was considered as a possible electron transfer 
mechanism in other ANME archaea (see McGlynn, 2017; Timmers et al., 2017 
for reviews). Furthermore, direct interspecies electron transfer (DIET) could be a 
possibility as well, since numerous multiheme cytochrome c (MHC) proteins are 
encoded in ANME genomes (Meyerdierks et al., 2010; Kletzin et al., 2015). Later 
studies of sulfate reducing bacteria paired with ANME-1 and ANME-2 consortia 
showed that cellular activities were independent of aggregate type and distance 
within the aggregates. These observations could be best explained through DIET 
(McGlynn et al., 2015). Additionally, for ANME-1 archaea syntrophic coupling was 
shown to be facilitated through a conductive mesh of MHCs that extended from the 
archaeal S-layer (Wegener et al., 2015). The ANME-2d genome also encoded most of 
these MHCs (Chapter 4; Berger et al., 2017) found in other ANME archaea. Under 
nitrate-AOM conditions only a fraction of MHCs were expressed and were further 
speculated to be involved in nitrate reduction, given that cytochrome c are capable 
of operating in the wide range of redox potentials required for coupling nitrate-
AOM. The occurrence of MHCs has been reviewed by (Kletzin et al., 2015) and it 
was highlighted that freshwater methane oxidizing archaea of the ANME-2d clade 
contained the highest number of c-type cytochromes encoded in an archaeal genome. 
These findings were quite remarkable, as unlike other ANME archaea, ANME-2d 
do not require syntrophic coupling to bacterial partners and many of the ANME-2d 
MHCs were not expressed when grown with nitrate as electron acceptor (Chapter 
4). Supposedly, these c-type cytochromes could be involved in the reduction of metal 
(Fe, Mn) oxides coupled to AOM. Multiple studies have demonstrated that methane 
oxidation by ANME-1 and ANME-2 can be de-coupled from the bacterial partners 
when provided with suitable artificial electron acceptors (Wegener et al., 2015; S. 
Scheller et al., 2016), including soluble iron. Therefore, previous findings along 
with recent activity evidence from an ANME-2d enrichment culture (Ettwig et al., 
2016a), suggests that ANME archaea can couple reduction of various metal oxides 
with AOM. According to the current views on AOM, sulfate-AOM is performed 
by ANME-1 and by members of ANME-2 clades while ANME-2d solely performs 
nitrate-AOM in freshwater ecosystems. Interestingly, the physiological evidence of 
sulfate-AOM in freshwater ecosystems (Schubert et al., 2011; Flynn et al., 2013; 
Timmers et al., 2016b), indicates that ANME-2d might be able to perform this 
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reaction by donating electrons to a bacterial partner. Therefore, future studies need 
to focus on the role of MHC proteins suggested to transfer electrons to metal oxides 
or bacterial partners (Liu et al., 2014; Shrestha and Rotaru, 2014). Additionally, 
genome based energy conservation mechanisms of ANME-2d require biochemical 
characterization but lack of pure cultures represents a major hurdle for carrying 
out such biochemical investigations. As an alternative of bacterial partners, future 
research should include growth attempts of ANME-2d archaea in microbial fuel cells 
(Gao et al., 2017; McAnulty et al., 2017; Ren, 2017).
Methanogens or methanotrophs?
As the core carbon metabolism pathways are a common feature between 
methanotrophic archaea and methanogens, an interesting question arises whether 
methanotrophs are capable of producing methane. The physiological evidence 
obtained from environmental and laboratory investigations remain inconclusive: 
only sulfate-AOM related ANME archaea have been reported to produce trace 
amounts of methane as a result of enzymatic back flux from sediment slurries 
(Seifert et al., 2006; Treude et al., 2007; Orcutt et al., 2008). Another study showed 
that when faced with sulfate depletion the enzymatic back flux became more 
evident leading up to 78% of the rate of AOM (Yoshinaga et al., 2014). However, 
no evidence of net methanogenesis has been reported by ANME archaea. Recently, 
two studies investigating metabolic reversibility in ANME archaea confirmed that 
ANME archaea appear to be incapable of net methanogenesis (Ding et al., 2016; 
Wegener et al., 2016), This lack of methanogenesis was also in accordance with 
the genome based metabolic predictions (presented in Chapter 4 of this thesis, 
Haroon et al., 2013; Wang et al., 2014), since ANME-2d and ANME-2a archaea 
lack enzymes for H2 or methanol and methylated amine activation. Nevertheless, it 
is fascinating to ponder if through reversal of their carbon redox reactions and by 
involving certain sets of proteins ANME could conserve energy. Hence, by using the 
genomic information from Chapter 4, we conducted a functional investigation for 
proteins specifically linked to methanogenesis, acetyl-coenzyme A synthetase (ACS) 
from ANME-2d and ANME-2a as discussed in Chapter 5. Both archaeal enzymes 
were obtained through heterologous expression in E. coli and revealed an acetate 
activation capacity during in vitro assays. This was the very first report of successful 
heterologous expression of ANME proteins. Further studies in the near future should 
focus on resolving the biochemical nature (AMP-forming or ADP-forming) of these 
ACS enzymes because this information would be instrumental in defining whether 
ANME archaea do have a metabolic capacity to perform aceticlastic methanogenesis 
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or simply use acetate and other short chain organic acids for lipid metabolism. 
Additionally, this study suggests that ANME enzymes could be obtained through 
heterologous expression and therefore is an encouraging sign for future biochemical 
studies focusing on ANME archaea. Eventually, knowledge obtained from this 
biochemical characterization might contribute to an increased understanding of 
ANME ecophysiology. 
Taken together the findings of this PhD thesis have shown that many intriguing 
observations can be made at the interplay of the methane, nitrogen and sulfur cycles 
under anaerobic conditions. Future laboratory and field studies should be performed 
to translate these findings in 1) understanding the functioning of the methane cycle 
in natural and man-made ecosystems and 2) in applying the novel methane cycle 
microorganism in more sustainable wastewater treatment systems.
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